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Cyanobacteria and some chemoautotrophs sequester Ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) in close proximity to CO2 using large proteinaceous
microcompartments called carboxysomes, to improve carbon fixation efficiency. Carboxysomes
are built from tens of thousands of protein subunits with a closed icosahedral shell that is
selectively permeable for certain substrates and metabolites. This shell encases functional
enzymes, including Rubisco, within. CcmM is an interior β-carboxysome protein that has been
implicated in organizing the carboxysome interior. The C-terminal domain of CcmM is built of
three to five subunits that closely resemble the small subunit of Rubisco, and have been
implicated in organizing Rubisco into a core that the carboxysomal shell forms around. This
thesis reports the first known X-ray crystallographic structure of the first C-terminal domain in
the chain “SS1” from T. elongatus BP-1. Förster Resonance Energy Transfer, Surface Plasmon
Resonance and Native mass spectrometry experiments show CcmM binds Rubisco with
micromolar affinities. Six SS1 domains can bind to Rubisco with no indication of RbcS release,
suggesting that binding does not fully displace RbcS. A novel molecular binding model for the
CcmM-Rubisco complex is proposed.
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Chapter 1: Introduction
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1.1: Cyanobacteria and the Calvin Cycle
Cyanobacteria are widespread gram negative bacteria capable of performing the reaction
underpinning most of the modern biosphere – oxygenic photosynthesis. Ancient cyanobacteria
possibly emerged 3.5 billion years ago, with strong evidence for their existence dating back to
2.7 billion years ago (1). There are two distinct classes of cyanobacteria: α-cyanobacteria (open
oceanic strains) and β-cyanobacteria (freshwater and estuarine strains). Cyanobacteria are the
only known prokaryotic organism capable of oxygenic photosynthesis and the proliferation of
cyanobacteria gradually decreased the concentration of carbon dioxide (CO2) and increased the
oxygen (O2) in the atmosphere.
Carbon fixation is the central step in the Calvin-Benson-Bassham cycle (Calvin Cycle).
In the cytosol of the cell, Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) catalyzes
the addition of CO2 to the five-carbon molecule Ribulose-1,5-biphosphate (RuBP) to form an
unstable six-carbon chain that spontaneously breaks down to form two 3-phosphoglycerate (3PGA) molecules. 3-PGA is then reduced to glyceraldehyde 3-phosphate (G3P) through
utilization of ATP and NADPH with transfer of some G3P into the production of sugars and
some proceeding through the rest of the Calvin cycle to be recycled back into RuBP. Oxygen is
released at the end of the photosynthetic process during the light dependent photolysis of water
molecules. In addition to the fixation of CO2, Rubisco can also bind O2 as a substrate to modify
RuBP. This creates the toxic intermediate phosphoglycolate (2PG), which is recycled into 3PGA through a wasteful process known as photorespiration that reduces photosynthetic
efficiency (2).
1.2: The Carbon Concentrating Mechanism
The advent of oxygenic photosynthesis ultimately resulted in an increase in atmospheric
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oxygen and decrease in available CO2 for Rubisco which together made oxygenic photosynthesis
increasingly inefficient. Cyanobacteria responded by developing a cellular Carbon Concentrating
Mechanism (CCM) to enhance carbon uptake for photosynthesis. A distinguishing feature of the
cyanobacterial CCM, that is prevalent in all known cyanobacteria and also some
chemoautotrophic bacteria, is the presence of carboxysomes – protein-based organelles that
sequester important enzymes and substrates necessary for carbon fixation. The conditional
expression of the proteins involved in the CCM is the main reason why cyanobacteria can
acclimate to many different environments, making them well-equipped to live in conditions
ranging in temperature, salinity and pH (3).
The mechanism and components of the CCM are illustrated in Figure 1.1. The cell
acquires inorganic carbon (Ci) through active transport; Ci is pumped into the cytosol in the form
of HCO3- (due to the permeability of CO2 through the cellular membrane), which accumulates in
the cytosol due to the absence of a cytosolic carbonic anhydrase (CA). HCO3- then enters the
carboxysome where Rubisco and a carboxysomal CA are located. The CA converts HCO3- to
CO2, which is then fixed by Rubisco, and releasing 3-PGA which can then return to the cytosol.
Generally speaking, there are many constituents to the CCM, but they can be grouped into one of
two necessary mechanisms – the accumulation of Ci into the cytosol, and the components
involved in CO2 accumulation and consumption within the carboxysome.
1.3: Transport of Carbon into the Cell
1.3.1: Carbon Dioxide Transport and Modification
CO2 transport through the cytoplasmic membrane is facilitated by aquaporin channels (4),
while full transport into the interior of the cell involves the active transport and modification of
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Figure 1.1: The Carbon Concentrating Mechanism. Inorganic carbon enters the cell via energydependent channels in the form of HCO3-, and diffuses passively through the carboxysome shell
via central pores in the shell proteins. HCO3- is converted to CO2 by a carbonic anhydrase (CA)
and brought into close proximity to Rubisco to facilitate carbon fixation. 3-PGA exits the
carboxysome and enters the Calvin Cycle.
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CO2 to HCO3- by thylakoid membrane-located NDH-1 complexes (5). Two CO2 uptake systems
were identified in the cyanobacterial model Synechocystis sp. PCC 6803. When cells are exposed
to limiting levels of CO2, the high-affinity Ndh-13 complex is strongly upregulated through the
transcription of the ndhF3, ndhD3, cupA and sll1735 genes. The second, low-affinity Ndh-14
complex is constitutively expressed by the ndhF4, ndhD4 and cupB genes (6, 7). CupA and
CupB (identified as ChpY and ChpX respectively in Synechococcus sp. PCC 7942 and PCC
7002) are polypeptides that associate with Ndh-13 and Ndh-14 respectively, and are believed to
be involved in the conversion of CO2 to HCO3-; however the mechanism by which this occurs is
not fully understood (8).
1.3.2: Bicarbonate Transport
Another method of Ci transport into the cell is by HCO3- transporters found in the
cytoplasmic membrane, which was primarily discovered through studies involving Synechocystis
sp. PCC 6803, Synechococcus elongatus PCC 7942 and Synechococcus sp. PCC7002 (9). The
first HCO3- transporter discovered was BCT1, a high-affinity ATP-binding cassette (ABC)
uniporter encoded by the cmpA-D genes (10). The cmpABCD operon encodes for a multimeric
four subunit complex that is expressed under extreme Ci limitations (11). The second transporter
discovered was the high-affinity sodium-dependent Na+/HCO3- symporter SbtA, confirming the
hypothesis that cyanobacterial growth was dependent on relatively low concentrations of Na+
ions (12, 13). While there is no evidence to suggest the exact nature of how SbtA organizes
within the membrane, it has been detected in the cytoplasmic membrane of Synechocystis sp.
PCC 6803 associated with a complex size around 160 kDa, suggesting it may organize as a
tetramer (6). The final type of transporter discovered was the SulP-like transporter BicA (14).
BicA has relatively low transport affinity but high flux rate and is also Na+-dependent, however
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it does not share any sequence similarity with SbtA. Gain-of-function experiments in
Synechococcus sp. PCC 7942 showed that Synechococcus sp. PCC 7002 bicA expression was
sufficient to confer Na+-dependent uptake of HCO3-. BicA in Synechococcus sp. PCC 7002 is
highly expressed in low CO2 environments, although very low levels of expression are observed
in high CO2 concentrations (14), while BicA in Synechocystis sp. PCC 6803 appeared to be
constitutively expressed (15). What is interesting about these Ci transporters is the difference in
prevalence of each transporter in different cyanobacterial species (3). Generally, all five
transporters are present in almost all Form 1B Rubisco species while there is a notable absence
of Ndh-13 in Form 1A Rubisco cyanobacteria. Form 1A Rubisco species seem to only
constitutively express Ndh-14 and BicA transporters. Regardless of the method of transport into
the cell, Ci enters the cytosol in the form of HCO3-, and diffuses through the proteinaceous shell
of the carboxysome where it is dehydrated by a co-encapsulated CA prior to reacting with
Rubisco.
1.4: Carboxysomes
Following transport into the cell, HCO3- then passes into the carboxysome, a type of
bacterial microcompartment (BMC). BMCs are widely distributed amongst bacteria and are
involved in a myriad of cellular processes encompassing metabolic pathways that produce toxic
intermediates (16, 17). This is accomplished by localizing active metabolic enzymes within a
selectively permeable protein shell to concentrate metabolites and accelerate catalysis. The three
best studied BMCs are the Pdu BMC, which is responsible for catabolism of 1,2-propandiol, an
important carbon source in anaerobic environments (18), the Etu BCM, responsible for the
degradation of ethanolamine as a carbon and nitrogen source in prokaryotes (19) and the BMC at
the forefront of the cyanobacterial CCM, the carboxysome.

6

Carboxysomes are large polyhedral microcompartments in the cell that contain the vast
majority, if not all, of the Rubisco activity in the cell (20). The carboxysome facilitates the
diffusion of HCO3-, RuBP and 3-PGA through charged pores while possibly helping prevent the
leakage of CO2 out of the carboxysome (21, 22). While some photosynthetic organisms have
evolved different strategies for more efficient carbon fixation, such as Rubisco with higher
affinity for CO2 over O2, almost all cyanobacteria characterized to date have carboxysomes.
Since carboxysomes encapsulate almost all Rubisco in the cell, the nature of the carboxysome is
directly related to the type of Rubisco it contains.
1.4.1: Variations between α- and β-carboxysomes
While carboxysomes across almost all species share a characteristic polyhedral
morphology, they are not genetically or structurally uniform across species. Since the sequencing
of α-cyanobacterial genomes, it has become apparent these organisms contain very different
carboxysomes compared to those found in β-cyanobacteria (23, 24). α-cyanobacteria and
chemoautotrophs contain α-carboxysomes (coded by the cso operon) with Form 1A Rubisco and
β-cyanobacteria contain β-carboxysomes (coded by the ccm operon) with Form 1B Rubisco.
Additionally, α- and β-carboxysomes vary in size with diameters ranging between 88-137 nm for
α-carboxysomes while β-carboxysomes are generally larger with diameters of 150-400 nm (22).
1.4.2: The genomic catalogue for α- and β-carboxysomes
The genes for α- and β-carboxysomes have different gene organizations (Figure 1.2),
with components for α-carboxysomes coded primarily by a single operon while β-carboxysomal
genes are distributed over several gene clusters (25). Transcript analysis in Halothiobacillus
neapolitanus, a model chemoautotroph for studying α-carboxysomes showed that the cso operon
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Figure 1.2: Genes associated with carboxysome structure and formation are differentially
organized between α- and β-carboxysomes. Gene organization of α-carboxysomes from
Halothiobacillus neapolitaus and β-carboxysomes from Synechocystis sp. PCC 6803. Necessary
genes for α-carboxysomes structure and formation are grouped onto one operon while the genes
for β-carboxysomes are found in clusters throughout the genome. Different gene clusters are
denoted by the double diagonal slash through the pictured operon. Figure adapted from Rae et
al., 2013 (17).
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consists of the ccbLS genes that code for Form 1A Rubisco, csoS1A-C which code for hexameric
outer-shell proteins, csoS4AB which code for pentameric outer-shell proteins, and csoS3 and
csoS2 which both code for internal α-carboxysomal proteins, with csoS3 coding for an
encapsulated β-carbonic anhydrase (CA) (26).
Homologous genes were identified using the model β-cyanobacteria Synechocystis sp.
PCC 6803 (25). Genes homologous to csoS1A-C ccmK1-4, ccmO and ccmP coded for hexameric
outer-shell proteins while ccmL coded for the pentameric outer-shell protein homologous to the
structural protein coded by csoS4A-B. Internal proteins in β-carboxysomes include Form 1B
Rubisco coded by rbcLXS, an internal CA coded by ccaA (homologous to csoS3) and/or ccmM,
and a protein that contributes to internal stability coded by ccmN.
1.5: Outer-shell proteins of the β-carboxysome
The outer shell of the β-carboxysome is composed of oligomeric protein complexes
consisting primarily of CcmK1-4 paralogs (22, 27-29). Through genomic sequencing, ccmK3
and ccmK4 were discovered to be present in the cyanobacterial genome, with CcmK4 being
implicated in the functioning of CCM in Synechocystis species (30). It was shown that CcmK3
and CcmK4 were essential in maximizing β-carboxysome function in S. elongatus PCC 7942,
though the carboxysome was still functional in their absence (31). The first structures of CcmK2
and CcmK4 were determined from the carboxysome of Synechocystis sp. PCC 6803 and revealed
a hexameric, disc-like organization of the CcmK protomer to form hexagons that can further
associate laterally and organize as a sheet (22). A central pore is present at the center of the
hexameric arrangement that varies in size among CcmK paralogs (6 Å in CcmK1, 7 Å in CcmK2
and 4 Å in CcmK4) that is lined with positively charged residues that allows the passive
diffusion of negatively charged metabolites RuBP, 3-PGA and HCO3- into and out of the
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carboxysome (22, 29, 32, 33). CcmK paralogs share very similar core structure with varying Ctermini (29). In fact, the extended C-terminus on CcmK4 forms a helix, and is proposed to play a
role in determining which side faces the cytosol. CcmK2 appears to be the most abundant
paralog in the carboxysome shell, and ΔccmK2 mutants are completely devoid of carboxysomes,
establishing CcmK2 as an essential component in the β-carboxysome. (31, 34).
In order to complete the icosahedral shell of the carboxysome, the triangular facets made
up of CcmK orthologs must meet at a five-fold axis of symmetry or a “vertex”. This vertex
requirement is closed by CcmL in β-carboxysomes, which forms a pyramidal pentamer and has
been shown to close the shell, preventing the escape of CO2 (35, 36). Additionally, CcmL
contains a central pore lined with positively charged residues and may facilitate the transport of
negatively charged substrates like CcmK orthologs (35). Deletions of the ccmL gene result in
elongated and tubular carboxysomes with a high carbon requirement phenotype (37).
CcmO is a β-carboxysomal shell protein that exhibits the same hexagonal oligomeric
morphology as CcmK, except that CcmO is trimeric, with a CcmO protomer existing as a fusion
of two CcmK monomers (23). It lacks the conserved residues that form a positively charged
gated channel, and has been shown to be essential in carboxysome formation in β-cyanobacteria
(38).
In α-carboxysomes, CsoS1D forms a large pore that exists in an ‘open’ and ‘closed’
conformation, providing the first evidence to suggest that carboxysomes have the potential for
gated transport. The open pore, approximately 14 Å in diameter, is significantly wider than the
pores in the CsoS1 paralogs and is proposed to be used to transport bulkier metabolites used in
carbon fixation, like RuBP. Additionally, CsoS1D was shown to be an exceptionally rare
component of the α-carboxysomal shell in Prochlorococcus sp. str. MED4, appearing at less than
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one functional unit per α-carboxysomal facet (39).A homologue of CsoS1D was identified in the
ccm cluster in all β-cyanobacteria, the product of which, now called CcmP, is a constituent of the
β-carboxysome shell (40, 41). Structural and biophysical analysis show that CcmP forms a
trimeric hexagon, like CsoS1D and CcmO, that dimerizes to form a possibly gated
nanocompartment large enough to allow the controlled passage of RuBP and 3-PGA into and out
of the carboxysome (41).
A schematic showing the outer and inner-shell proteins of the β-carboxysome is
illustrated in Figure 1.3, showing the hexagonal domains that make up the triangular facets of the
icosahedral morphology, and the organization of the internal proteins as it is currently
understood. Additionally, the crystal structure of a 6.5 MDa microcompartment from
myxobacterium Haliangium ochraceum was solved and provides a basic roadmap for BMC shell
organization that can provide analogous insight into the shell composition of more complex
microcompartments (42).
1.6: Inner-shell β-carboxysomal proteins
1.6.1: CcaA, a β-carboxysomal carbonic anhydrase
Carboxysomes have an absolute requirement for an internal carbonic anhydrase (CA) to
convert imported HCO3- to a ready accessible Ci substrate for Rubisco. A ccaA mutant in
Synechocystis sp. PCC 6803 was found to produce wild-type appearing carboxysomes lacking
any measureable CA activity, suggesting that CcaA is the only functioning carboxysomal CA in
this organism, and that it is not structurally required for proper carboxysome formation (43).
Sequence comparisons between CcaA and close β-CA homologues in proteobacteria
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Figure 1.3: Internal and shell components of the β-carboxysome. The β-carboxysome shell is
made up of triangular facets composed of hexameric shell proteins CcmK1-4, CcmO and CcmP,
with the pentameric protein CcmL at each vertex to complete the icosahedral structure. Pictured
to the right is a model of Thermosynechococcus elongatus BP-1 CcmK2 (PDB 3SSQ) in light
blue as a general representation of the CcmK, CcmO and CcmP proteins. Additionally, the
structure for Thermosynechococcus elongatus BP-1 CcmL is shown in pink. In both examples,
the respective hexameric and pentameric shape is clear. The proposed internal working of the βcarboxysome involve a complex of CcmN, CcmM, CcaA and Rubisco being crosslinked by
CcmM small subunits. The carboxysome image was obtained from Dr. Kimber.
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Methylocystis rosea, Pseudomonas aeruginosa and Synechocystis sp. PCC6803 show a
characteristic C-terminal extension of about 60 amino acid residues in length, where only the last
15 residues are conserved (44). This C-terminal extension can be deleted without any effect on
CA activity, suggesting that it is necessary for structural protein-protein interactions (43).
Recently it was suggested that this C-terminal extension may be involved in the indirect
structural interactions with the carboxysomal shell, as CcaA was observed to make interactions
with CcmM, which in turn anchors CcaA to the shell through interactions with CcmN (45).

1.6.2: CcmN, the bridge between inner and outer-shell carboxysomal proteins
Another protein known to be involved in the interior of the β-carboxysome is encoded by
ccmN, which is included in the ccm cluster of genes and is unique to β-carboxysomes. Like
CcmM, ΔccmN mutants require high concentrations of CO2 and cannot grow under ambient
conditions (45). Analysis of CcmN orthologs revealed two conserved regions: an N-terminal
region that is proposed to be structurally similar to the γ-CA domain of CcmM, and a C-terminal
peptide region 18 amino acids in length, connected to the N-terminal head by a variable Pro- and
Ser-rich linker. Pull-down assays featuring CcmN as bait showed an interaction between the Nterminus of CcmN and CcmM, while the C-terminus was shown to interact with CcmK2 (45).
CcmN mutants lacking this 18 amino acid peptide region showed similar phenotypes to ccmN
null mutants, indicating that this region of CcmN is vital in the formation of the carboxysome.
1.6.3: CcmM, the essential internal organizer
CcmM is the key interaction hub in the β-carboxysome interior assembly. ΔccmM
knockout mutants do not form carboxysomes and have an absolute requirement for high
concentrations of CO2, establishing its central role in carboxysome formation (46, 47). CcmM
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has a left-handed N-terminal β-helical domain with homology to the γ-carbonic anhydrase Cam
in Methanosarcina thermophila, and a C-terminal region that features multiple repeats of
domains that share about 24% sequence identity to the small subunit of Rubisco (37, 48). CcmM
is expressed in two variants: a full length, 58 kDa variant, and a 35 kDa variant comprised of
only the C-terminal Rubisco small subunit-like repeats (49). The shorter form is translated from
an internal ribosomal entry site in the ccmM gene with an in-frame translational start codon (50).
Interestingly, CcmM35 is present at approximately four times higher levels than the full length
CcmM58 variant (51). The N-terminal domain of CcmM has been shown to interact with the βCA, CcaA, though the γ-CA domain of CcmM can fulfill the function of the carboxysomal CA in
species that have no ccaA homolog (52, 53). Peña et al. showed that a truncated CcmM209 was a
catalytically active trimer that was dependent on the oxidization of a disulfide bridge between
Cys194 and Cys200. The reduction of this disulfide bond resulted in a catalytically inactive
CcmM209 that was partially disordered (53). Pull-down assays have also shown an interaction
between the C-terminus of CcmM and the large subunits of Rubisco where the small subunit is
present in levels less than the usual 1:1 stoichiometry with the large subunit, suggesting that
CcmM displaces the small subunit of Rubisco (51, 52).
1.7: Carboxysome biogensis
The first description of in vivo β-carboxysome biogenesis in Synechococcus elongatus
PCC 7924 was recently published by Cameron et. al using time lapse fluorescence microscopy
(34). Previous studies described biogenesis in α-carboxysomes beginning with a preassembled
Rubisco (pro-carboxysome) core that assembles at a cellular pole (54, 55). Furthermore,
precursors to new carboxysomes bud off the pro-carboxysome and are generated adjacent to
recently formed organelles (34, 55). This process (Figure 1.4) appears to be present in β14

Figure 1.4: β-carboxysome assembly involves the formation of a pro-carboxysome in which the
carboxysomal shell forms around. Rubisco interacts with CcmM35 to form a disordered
accumulation of protein termed “pro-carboxysome” at a polar end of the cell. CcmM forms a
complex with CcaA and CcmN which recruits shell proteins CcmK/O/P to begin carboxysome
shell formation. Shell formation is terminated by the pinching of the pro-carboxysome and
capping by CcmL as the newly formed carboxysome migrates to the center of the cell.
Subsequent procarboxysomes form by budding off of newly synthesized carboxysomes. (Figure
obtained from Cameron et al.(34))
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carboxysome biogenesis beginning with the essential interaction between Rubisco and the small
subunit-like repeats of full length CcmM to form the pro-carboxysome, which then coalesces to a
cellular pole as a disordered assembly of Rubisco and CcmM. The N-terminus of CcmM binds
CcmN which in turn potentially recruits the carboxysomal shell proteins CcmK2 and CcmO
through its C-terminal peptide. Given the noted presence of significantly higher concentrations
of the small variant of CcmM, it is proposed that the small subunit-like repeats lacking the γ-CA
domain recruit more Rubisco to the assembly underneath the outer pro-carboxysome layer.
Subsequent recruitment of other shell proteins like CcmK3, CcmK4 and CcmP help form
carboxysomal facets, with the carboxysome biogenesis terminating following the recruitment of
CcmL to cap the vertices and subsequent migration of the carboxysome to a more central
location in the cell (34).
1.8: Rubisco
1.8.1: Rubisco Classification and Structure
At the center of carbon fixation is Rubisco, the key enzyme responsible for fixing CO2 by
carboxylating RuBP to form two molecules of 3-PGA, which subsequently builds the organic
molecules required for life. Rubisco is found in most autotrophic organisms, including
photosynthesizing bacteria, cyanobacteria, algae, and plants, and is proposed to fix 1011 tons of
CO2 annually (56). While cyanobacteria can, like other organisms, be classified by ribosomal
gene analysis (57, 58), relatively recent gene studies have suggested that for the purpose of
studying the evolution of cyanobacterial CCMs, it may be more appropriate to classify
cyanobacterial species based on the type of Rubisco they utilize (59). Photosynthetic organisms
with Form I Rubisco were classified into four groups: 1A, 1B, 1C and 1D (60), with
cyanobacteria being contained in groups 1A and 1B (61). Deep divergence between β-
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proteobacteria-like oceanic cyanobacteria, and freshwater and estuarine cyanobacteria led to the
suggestion that Rubisco sequence can be used to establish cyanobacterial phylogeny leading to
the classification of cyanobacteria with Form 1A Rubisco as α-cyanobacteria and Form 1B
Rubisco expressing cyanobacteria as β-cyanobacteria. (59).
Rubisco is a large multimeric protein consisting of a large subunit (CbbL in αcyanobacteria and RbcL in β-cyanobacteria, 50-55 kDa) and a small subunit (CbbS and RbcS,
12-18 kDa). Rubisco has differing subunit composition depending on the organism (62). Form 1
and 2 Rubisco are the best characterized, while Form 3 and 4 are less studied, and are outside the
scope of this project. Form 2 Rubisco is a functional RbcL dimer, L2, and has served as an early
paradigm for understanding the complex assembly and activity of Form 1 Rubisco. Studies have
established that RbcL is the main catalytic unit, identified essential residues involved in CO2/O2
specificity and highlighted the role RbcS plays in Form 1 Rubisco activity (61, 63). Rubisco is
built as a hexadecameric oligomer composed of a core of four L2 dimers arranged around a 4fold axis that is capped by four small subunits on the top and bottom. It is the most common
form of Rubisco found in most chemoautotrophic bacteria, cyanobacteria, red algae and higher
plants (Figure 1.5A) (64, 65). Despite its distribution across both bacteria and diverse
eukaryotes, RbcL is well conserved between species (66). RbcL features a small N-terminal
region consisting of a four-to-five stranded mixed β-sheet with helices on one side of the sheet
and a larger C-terminal domain made up of an eight-stranded α/β-barrel (Figure 1.5B). The
active site is located at the intra-dimer interface between the N-terminus of one RbcL subunit
and the C-terminus of the other. Thus, there are two active sites per functional dimer and eight
total sites in the hexadecamer that are arranged to face the outward towards the external solvent
(Figure 1.5C).
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Figure 1.5: Form 1 Ribulose 1,5- bis-phosphate carboxylase/oxygenase is a hexadecameric structure consisting of eight large RbcL
subunits and eight small RbcS subunits. Various views of Form 1 Rubisco from Thermosynechococcus elgonatus BP-1 (PDB 2YBV)
including (A) top and side view with RbcL in green and RbcS in orange, (B) RbcL N- and C-terminal domains highlighted in black
and blue, respectively, (C) the dimerization interface between two RbcL subunits and (D) the core structure of RbcS with the βA-βB
loop protruding into the core indicated by a black arrow.
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1.8.2: The small subunit of Rubisco, RbcS
RbcS is the more divergent of the two subunits, with a common core consisting of a four
stranded anti-parallel β-sheet with two α-helices on one side (64). The most distinct variations
occur in two regions, the loop connecting β-sheets A and B (the βA-βB loop) and the C-terminal
domain (67). The holoenzyme orients RbcS and the βA-βB loop to line the solvent channel that
traverses the center of the complex and are wedged between two different RbcL subunits making
numerous interactions between both large and small subunits (Figure 1.5D). Variations in loop
length are apparent between species; the βA-βB loop in higher plants are comprised of
approximately 22 residues, in green algae they are 28 residues, and non-green algae and
prokaryotes have loops comprised of only 10 residues (Figure 1.6) (68, 69). Replacement studies
in which the 10-residue βA-βB loop from Synechococcus sp. PCC 6301 was substituted with the
22-residue loop from Pisum sativum (pea) suggest a species-specificity, shown when the
substitution was capable of proper assembly with the large subunit of P. sativum (70).
Requirements for this loop is also suggested by the fact that mutations in this loop are
unfavorable to holoenzyme assembly (71, 72). The role of RbcS remains uncertain, though
structural data strongly suggests that RbcS is responsible for holoenzyme stability, assembly and
catalytic performance (73).
1.8.3: RbcX mediated folding and assembly of Rubisco
Early in vitro studies involving Rubisco using recombinant protein proved challenging
due to limited understanding of the assembly and folding processes. Reconstitution of Form 2
Rubisco was possible through the use of bacterial chaperonins GroEL/ES, though attempts at
reconstituting Form 1 were unsuccessful, and require additional factors (61, 74). Within the last
decade, the discovery of RbcX has had a major role in the elucidation of the Rubisco folding and
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Figure 1.6: The βA-βB loop in RbcS is highly variable and is an important factor in Rubisco
holoenzyme assembly and stability. Overlay of Chlamydomonas reinhardtii (red PDB 1IR1),
Tobacco (green PDB 3RUB), Thermosynechococcus elongatus BP-1 (blue PDB 2YBV). The
black arrow identifies the βA-βB loop.
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assembly pathway and thus the ability to express and purify active, recombinant Form 1
Rubisco (75, 76). RbcX promotes synthesis and assembly in E. coli by acting as a molecular
staple between two folded RbcL units, forming the L2 dimer and promoting core complex
formation. RbcS then displaces RbcX to complete holoenzyme formation (77). Interestingly,
RbcX is not required in some organisms and the location of the rbcX gene in the operon is
thought to reflect this requirement. In organisms that depend on RbcX-mediated assembly, such
as Synechocystis sp. PCC 6803, rbcX is located in between rbcL and rbcS. In contrast, rbcX in
Synechococcus sp PCC 7942 doesn’t seem to be required and is found over 10 kb away from the
rbcLS genes (76, 78).
The fact that RbcX is not required in some species suggests a functional redundancy with
other factors. A nuclear-encoded chloroplast protein, Rubisco accumulation factor 1 (Raf1) was
identified through a recent screen of photosynthetic mutants in maize and is required for efficient
Rubisco biogenesis (79, 80). Structural studies of Synechococcus sp PCC 7924 and Arabidopsis
thaliana Raf1 have elucidated a potential pathway by which it operates (81). Upon the release of
the RbcL protomer from the GroEL/ES complex, Raf1 brackets two RbcL subunits together,
preventing rebinding to GroEL. The RbcL2-Raf11 complex forms the RbcL core as RbcL8-Raf14
where RbcS displaces Raf1 forming the complete holoenzyme.
1.9: Rubisco Organization
1.9.1: In Pyrenoids
Pyrenoids are eukaryotic carbon concentrating organelles that is spherical and located in
the chloroplast stroma of green algae (82). Pyrenoids tightly sequester Rubisco into a matrix
surrounded by a starch sheath that is traversed by membrane tubules continuous with the
thylakoid membrane (83). A protein was found to be as abundant as Rubisco large and small
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subunits in low-CO2 environments and is highly upregulated and essential for proper pyrenoid
function
(84). This protein, dubbed Essential Pyrenoid Component 1 (EPYC1) was also found to be
responsible for Rubisco localization into the pyrenoid, and that EPYC1 and Rubisco
were part of the same supermolecular complex and necessary for pyrenoid biogenesis. EPYC1
consists of four nearly identical domain repeats and the Rubisco binding sites are located in these
domains. However, there is no sequence identity between the repeat domains
and RbcS like the β-carboxysomal interior protein CcmM, suggesting that EPYC1 may bind to
the surface of the Rubisco holoenzyme, albeit in a similar tethered network to α- and βcarboxysomes.
1.9.2: In α-carboxysomes
The internal organization of the carboxysome varies between α- and β-carboxysomes.
Cryo-electron tomography studies in Halothiobacillus neapolitanus showed partially assembled
carboxysome shells with attached Rubisco molecules, suggesting that the interior cargo and shell
facets are assembled together (54). The internal organization involves Rubisco forming a layer
around the inside of the shell, with layers becoming less organized as they reach the center of the
carboxysome (54, 85, 86). A recent study involving α-cyanobacterial Prochlorococcus and
Synechococcus strains has implicated the highly conserved CsoS2 protein as an internal
organizer of Rubisco in α-carboxysomes (87). CsoS2 is suggested to be an intrinsically
disordered protein (IDP) based on an observed compact conformation in the presence of Rubisco
and sequence-based structural predictions. Additionally, it makes interactions with Rubisco and
the carboxysome shell and is necessary for carboxysome formation. CsoS2 is comprised of three
main architectural motifs: The N-region, M-region and C-region. Notably, the M-region consists
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of six repeat domains that are predicted to adopt the same sandwich fold as RbcS and the
interaction between Rubisco and CsoS2 in α-carboxysomes is analogous to the interaction
between Rubisco and CcmM in β-carboxysomes (87).
1.9.3: CcmM as an Internal Organizer of Rubisco in β-carboxysomes
The organization of the β-carboxysome interior is believed to be mediated by
intermolecular interactions with CcmM as the central player. As mentioned above, CcmM exists
as two variants – full length CcmM58 and short form CcmM35, that latter of which is a string of
Rubisco small subunit-like repeats. Long et al. were the first to show experimentally that CcmM
and Rubisco form two different protein complexes, a CcmM58-Rubisco complex featuring full
length CcmM, which exhibits additional interactions with CcaA, and a separate CcmM38Rubisco complex. They found that even in the presence of 4.0 M urea, Rubisco still purified with
CcmM, indicating a strong interaction between them, and that the yield of Rubisco co-purified
with CcmM decreased with increasing concentrations of urea. Additionally, they found that they
could increase Rubisco activity from the co-purification by introducing excess RbcS. Excess
RbcS could not disrupt the Rubisco-CcmM complex, suggesting that either the binding of CcmM
and Rubisco is unrelated to the RbcS binding domain, or that CcmM and Rubisco interact
significantly more strongly than RbcL and RbcS. Densitometry of SDS-PAGE gels run with
sample pulled from cyanobacteria estimated that the ratio of RbcL8 and CcmM in the absence of
urea to be 1:4, but these experiments also indicated that the RbcL8 core was not fully saturated
by RbcS, suggesting an overall stoichiometry between RbcL, CcmM and RbcS of L8M4S4
despite densitometry analysis not being indicative of RbcS displacement (51).
Expression of either CcmM form alone results in a high CO2 requiring phenotype,
indicating the necessity of both forms in carboxysome formation and function (50). In cells
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expressing only CcmM58, electron-dense bodies were observed that contained no detectable
Rubisco, suggesting that CcmM58 may be limited to the shell during carboxysome shell
formation, and that CcmM35 is responsible for some sort of Rubisco organization (50). In
contrast, cells expressing only CcmM35 produce electron-dense bodies requiring high
concentrations of CO2, suggesting that the short form of CcmM forms a large body of
crosslinked Rubisco around which the carboxysomal shell proteins cluster (51, 55). This
hypothesis is further supported by the observation that CcmM35 is expressed at significantly
higher levels than CcmM58 (51). However, super-resolution microscopy using widefield
timelapse and 3D-structured illumination microscopy (3D-SIM) showed that the M58 isoform of
CcmM is present at the earliest points of carboxysome assembly, and that M58 is not limited to
localization to the carboxysomal shell. Instead, the data supported a model where both isoforms
of CcmM are incorporated into the core and that both are involved in early formation (88).
1.10: Research Objectives and Approaches
The current knowledge of internal Rubisco organization in the β-carboxysome is
primarily derived from in vivo studies in model cyanobacterial systems and does not provide
insight into the molecular mechanisms surrounding the CcmM-Rubisco interaction. The goal of
this project is to investigate this interaction at a molecular level using structural, fluorescent and
surface plasmon approaches. These studies aim to elucidate the nature of the CcmM-Rubisco
interaction including binding stoichiometry, the association and dissociation rates of that
interaction and determining the three-dimensional structure of one of the CcmM small subunitlike domains.
To explore these avenues, Förster Resonance Energy Transfer and native mass
spectrometry will be used to probe the extent of the CcmM-Rubisco interaction, Surface Plasmon
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Resonance will be used to determine kinetic binding constants, and attempts to understand
CcmM-SS1 and the interaction with Rubisco on a structural level will be done using the analysis
of coevolution of residues in the primary amino acid sequence of SS1 using GREMLIN, as well
as crystallizing and solving the x-ray crystallographic structure of SS1 alone and in complex with
Rubisco.
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Chapter 2: Materials and Methods
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2.1: Cloning of SS1-2 and SS1-4 Domain Chains
2.1.1: Polymerase Chain Reaction
The genes coding for the C-terminal fragment variants of CcmM were amplified from the
full length CcmM gene in a pET28a plasmid, previously amplified from genomic
Thermosynechococcus elongatus BP-1 DNA (The Kazusa Research Institute, Japan). SS1-2 was
amplified using the forward primer 5’GAGCTACATATGAACACCATGACCACAGACTATGGGACTC-3’ and reverse primer 5’GATGCTAAGCTTATCCCTGCGGGCGCTGAATAATTTGCTC-3’, introducing NdeI and
HindIII restriction sites (underlined) respectively. SS1-4 was amplified with the same forward
primer and reverse primer 5’GATGCTAAGCTTACTACTTAGCAGCCTGTTGGAGTAGGATTTC-3’ introducing the same
restriction sites. Primers were dissolved in water to a final concentration of 100 µM and stored at
-20°C until needed. PCR mixtures containing dNTPs, a 10 µM primer mix (10 µL of the forward
and reverse primer in 90 µL water), full length CcmM template DNA, Pfu-X7 DNA Polymerase
(a gift from Dr. D. Christendat, U. of Toronto) and Pfu-X7 buffer were aliquoted into eight PCR
sample tubes. PCR amplification was done using a Bio-Rad MyCycler Thermal Cycler (Bio-Rad,
Hercules, USA) using a temperature gradient method with the following reaction schematic:
initial denaturation at 96°C for five minutes, followed by 25 cycles of denaturation at 96°C for
30 seconds, annealing at 50°C-65°C for 30 seconds and elongation at 72°C for one minute per
kbp, followed by a final elongation step for 15 minutes at 72°C, ending with an indefinite hold at
10°C. Following the reaction, 10 µL of each sample was run on a 1% w/v agarose gel at 100 V
for 30 minutes. Agarose gels were visualized using a Bio-Rad gel doc (Bio-Rad, Hercules, USA)
using the Trans UV light.
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2.1.2: Double Digest and Ligation of CcmM Amplicons and pET28a
PCR samples deemed sufficiently amplified following agarose gel analysis were pooled
together and purified using the PureLink Quick PCR Purification Kit (Invitrogen). Following
purification, the concentrations of each amplicon was determined using a Nanodrop 2000
Spectrophotometer (Thermo Fischer Scientific) and were stored at -20°C until use. Double digest
reaction mixtures consisted of 100 ng of either purified SS1-2 or SS1-4 amplicon or empty
pET28a plasmid digested with NdeI and HindIII (New England Biolabs, Ipswich, USA) and
appropriate digestion buffer (NEB) in a final reaction volume of 50 µL. Digestion reaction
mixtures were incubated at 37°C for two hours to ensure complete digestion of plasmid and
amplicon DNA.
Following digestion, Antarctic Phosphatase (AP, New England Biolabs) and 6 µL of 10X
Antarctic Phosphatase buffer were added to the plasmid digestion reaction and incubated at 37°C
for two hours to prevent insert religation. Restriction enzymes and Antarctic Phosphatase were
inactivated following digestion reactions by incubating the reactions at 80°C for 20 minutes.
Ligation reactions for both SS1-2 and SS1-4 constructs were prepared using a 3:1 insert to vector
molar ratio. Reaction mixtures, totalling 20 µL, contained T4 DNA Ligase (Invitrogen,
Burlington, Canada), 10X Ligase Buffer, 100 ng of digested pET28a vector treated with AP and
either 33.2 ng of SS1-2 amplicon or 71.6 ng of SS1-4 amplicon. Ligation reactions were
incubated at 4°C overnight.
2.1.3: Transformation of pET28a-CcmM Constructs into DH5α Cells
Following the overnight incubation at 4°C, 10 µL of the ligation reactions were added to
50 µL of chemically competent DH5α cells and incubated on ice for 30 minutes, lightly agitating
the reaction mixture every 10 minutes. Cells were heat shocked at 42°C for 45 seconds, and
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placed immediately on ice for two minutes. LB media (100 µL) was added to the transformation
reaction and incubated at 37°C, with shaking at 180 rpm for one hour. The entire reaction was
then plated on agar supplemented with kanamycin, and left to incubate overnight at 37°C. Single
colonies were inoculated in 5 mL of LB media supplemented with kanamycin and incubated
overnight at 37°C with shaking at 180 rpm.
2.1.4: Identification of Ligation Product
Overnight cultures were spun down at 21,000xg for two minutes in a microcentrifuge
(Thermo Fisher Scientific) and the plasmid DNA was extracted using a PureLink Quick Plasmid
Miniprep Kit (Invitrogen). Plasmid concentrations were determined using a NanoDrop 2000
Spectrophotometer and plasmid DNA was stored at -20°C until use. The presence of the SS1-2
and SS1-4 gene fragments was determined using a double digest control. Plasmid DNA (500 ng)
was incubated with NdeI and HindIII restriction enzymes and the appropriate buffer in a total
reaction volume of 50 µL at 37°C for one hour. The digestion reaction (10 µL) was mixed with
6X loading dye and run on a 1% w/v agarose gel at 100 V for 30 minutes. The gel was imaged
using the Bio-Rad gel doc system using Trans UV light.
2.2: Site-Directed Mutagenesis of SS1 Cysteine Variant Q16C
2.2.1: Polymerase Chain Reaction
A cysteine variant of CcmM-SS1 was created by using site directed mutagenesis to
mutate the glutamine codon CAG into the cysteine codon TGC. 50 ng/µL template DNA for the
pBTL-4-N-His-SS1 construct, provided by Charles Wroblewski, was put into a 450 µL reaction
mixture with 10 µM forward and reverse primers 5’AACTCTTGTGCCAGGGATACCAGATCAG-3’ and 5’ATCCCTGGCACAAGAGTTGGCGGAC-3’ respectively, 10 µM dNTP mix, PFU X7
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polymerase and 10X PFU buffer. A temperature gradient was set up using the thermocycler and
eight PCR tubes containing 50 µL of the reaction mixture. The following thermocycler protocol
was used: initial denaturation at 96°C for five minutes, followed by 25 cycles of denaturation at
96°C for 30 seconds, annealing at 50°C-65°C for 30 seconds and elongation at 72°C for one
minute per kbp, followed by a final elongation step for 15 minutes at 72°C, ending with an
indefinite hold at 10°C. Following the protocol, all eight reactions were pooled, and purified
using a PCR Purification Kit (Invitrogen, Burlington, Canada) and eluted in 50 µL of elution
buffer. The concentration of the final PCR product was determined using a NanoDrop 2000
Spectrophotometer, and stored at -20°C until use.
2.2.2: DpnI Digestion and Transformation into DH5α Cells
To ensure all of the DNA in the sample contained the CAGàTGC mutation, template
DNA was digested using DpnI (New England Biolabs, Ipswhich, USA), leaving behind only
nascent DNA in the sample. DNA (1 µg) was put into a reaction mixture containing 10X Tango
buffer and DpnI enzyme, for a final reaction volume of 50 µL and was incubated at 37°C for one
hour. DpnI was inactivated by incubating the mixture at 80°C for 20 minutes. DNA was left to
anneal for one hour at room temperature and the mutated plasmid was transformed into E. coli
DH5α cells via the heat shock method (Materials and Methods 2.3.1). Following transformation,
150 µL of the transformation mixture was plated onto agar supplemented with tetracycline and
incubated overnight at 37°C. Individual colonies were inoculated and grown in 5 mL LB media
supplemented with tetracycline overnight at 37°C with shaking at 180 rpm. DNA was extracted
following using the PureLink Quick Plasmid Miniprep Kit, quantified using the NanoDrop 2000
and stored at -20°C until use.
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2.3: Expression and Purification of CcmM Small Subunit Constructs
All CcmM Small Subunit constructs (SS1, SS1-2, SS1-4, Q16C, M1-TS) were
transformed into E. coli BL21(DE3) chemically competent cells via the heat shock method.
Transformed cells were plated on agar containing tetracycline for SS1, SS1-2, SS1-4 and Q16C
constructs and chloramphenicol and kanamycin for M1-TS. Several colonies were picked from
each plate and inoculated into 5 mL of LB media and grown overnight at 37°C with shaking at
180 rpm. Glycerol stocks were made by taking 500 µL of the overnight culture and adding 500
µL of 80% (v/v) glycerol and allowing the mixture to homogenize. Glycerol stocks were stored
at -80°C until needed.
2.3.1: SS1, SS1-2, SS1-4, Q16C
Overnight cultures for SS1, SS1-2, SS1-4 and Q16C constructs were prepared by
inoculating 5 mL of LB media supplemented with tetracycline with a scrape of the glycerol
stock, and incubating them at 37°C with shaking at 180 rpm. Following overnight incubation, the
entire 5 mL culture was inoculated into a flask containing one litre of 2YT media supplemented
with tetracycline and incubated at 37°C with shaking at 180 rpm until the culture reached an
OD600 between 0.6 and 0.8. Protein expression was induced with IPTG at a final concentration of
1 mM and the media were incubated at 16°C for 16 to 21 hours with shaking at 180 rpm.
Following induction, cells were harvested by centrifugation using an Avanti J25i Centrifuge
(Beckman Coulter) with the JLA-9.1000 rotor at 5180xg and 4 °C for 20 minutes. Cells were
resuspended in 35 mL Nickel Buffer A (Appendix) with PMSF and frozen at -20°C until further
purification.
When ready for purification, cells were thawed on ice and lysed by sonication using the
Misonix XL-2020 Sonicator with a macro tip at power level 7. The cell pellet was lysed in a 50
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mL glass beaker suspended in an ice bath for a total run time of 10 minutes, where the cells were
lysed in 10 second intervals, followed by 10 second rests. Cell lysates were centrifuged to
separate insoluble protein and cell debris from soluble protein using the Avanti J25i Centrifuge
(Beckman Coulter) using the JA25.50 rotor at 48,384xg and 4°C for 30 minutes. The supernatant
was passed through a disposable 0.45 µm syringe filter and 1 µL samples of the supernatant and
pellet were collected for later analysis using SDS-PAGE. The supernatant was loaded onto an
Ni2+ charged, 1 mL HisTrap Fast Flow column (GE Healthcare) using an ÄKTA FPLC at 4°C
equipped with a P960 pump (GE Healthcare) at 1 mL/min, with the flowthrough being collected
in a 50 mL conical tube. The column was washed at 1 mL/min using 10 mM and 20 mM
imidazole through the mixing of Nickel Buffer A and Nickel Buffer B (Appendix) by the FPLC
machine. In the case of Q16C purification, an additional 40 mM wash step was required. Protein
was eluted off the column at 1 mL/min using 250 mM imidazole and collected in 10 mL
fractions. A 5 µL sample of the flowthrough, along with 10 µL samples of each fraction were
collected for visualization on SDS-PAGE. Fractions containing pure protein were pooled and
concentrated in a 10 kDa MWCO Amicon concentrator by centrifugation at 3900xg and 4°C for
20-30 minutes per cycle until the total volume was about 10 mL, and then loaded on a HiPrep
26/10 Desalting column (GE Healthcare) at 5 mL/min and eluted into a single 15 mL fraction in
the appropriate buffer for downstream experiments (Appendix). The eluent was concentrated as
described and quantified by a ninhydrin assay (Materials and Methods 2.6). Protein samples
were diluted to 1 mg/mL, 20 mg/mL or 40 mg/mL, flash frozen using liquid nitrogen, and stored
at -80°C until use.
2.3.2: M1-TS
A glycerol stock of recombinant E. coli containing a tagless SS1 construct, denoted M1-
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TS, was prepared and stored at -80°C by previous lab member Stephane Castel. Overnight
cultures and inoculation into 1 L of 2YT media followed the same protocol as the other CcmM
constructs, however the media was supplemented with chloramphenicol and kanamycin. Culture
growth and induction with IPTG followed by centrifugation also followed the same protocol.
Cell pellets containing overexpressed M1-TS were resuspended in 35 mL of Cation Exchange
Buffer A (Appendix) with PMSF and frozen at -20°C until further purification.
Sonication, lysate centrifugation and supernatant filtration followed the same protocol as
the other constructs (see above). Samples (1 µL) of the supernatant and pellet were collected for
later analysis by SDS-PAGE. The supernatant was loaded onto a 5 mL HiTrap SP Sepharose FF
column (GE Healthcare) at 0.3 mL/min using an ÄKTA FPLC system at 4°C equipped with a
P960 pump and washed with 50 mL of Cation Exchange Buffer A. M1-TS was eluted across a 00.5 M NaCl gradient using Cation Exchange Buffer B (Appendix) over 20 column volumes (100
mL), and collected in 1 mL fractions. Peak fractions (10 µL) were collected for SDS-PAGE
analysis. Fractions containing M1-TS protein were pooled and concentrated to 500 µL in a 3 kDa
MWCO Amicon concentrator by centrifugation at 4500 rpm and 4°C for 20-30 minutes per
cycle. Concentrated M1-TS was loaded onto a Superdex 75 10/300 GL column (GE Healthcare)
equilibrated with Crystal Buffer (Appendix) at 0.3 mL/min and eluted into 1 mL fractions. Peak
fractions (10 µL) were collected for SDS-PAGE analysis, and fractions having pure M1-TS were
pooled and concentrated. Following protein quantification using a ninhydrin assay, the M1-TS
sample was diluted to 30 mg/mL, flash frozen using liquid nitrogen and stored at -80°C until use.
2.4: Expression and Purification of T. elongatus BP-1 Rubisco
Glycerol stocks of the rbcLXS operon in pET28a expressing tagless Rubisco in E. coli
BL21(DE3) cells were prepared by Charles Wroblewski and contain an additional plasmid for
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the co-expression of the GroEL/S chaperone complex for the proper folding and assembly of the
Rubisco holoenzyme. Overnight cultures and 1 L 2YT media was inoculated and grown as
described previously (see above), with the media supplemented with kanamycin and
chloramphenicol. Cultures were grown until they reached an OD600 of ~0.6. Cultures were then
induced with IPTG at a final concentration of 1 mM and left to overexpress Rubisco overnight at
37°C with shaking at 180 rpm. Following induction, cells were harvested by centrifugation using
an Avanti J25i Centrifuge (Beckman Coulter) with the JLA-9.1000 rotor at 5180xg and 25 °C for
20 minutes. Cells were resuspended in Rubisco Buffer A (Appendix) and lysed by sonication
immediately after resuspension. The method was followed as described previously (see above),
except the beaker containing the lysate was suspended in a lukewarm water bath instead of an ice
bath, and the water would be replenished in between multiple rounds of sonication. Following
sonication, the lysate was centrifuged using an Avanti J25i Centrifuge (Beckman Coulter) using
the JA25.50 rotor at 48,384xg and 25°C for 30 minutes. Ammonium sulfate (Fisherbrand) was
gradually added with slow stirring to a final concentration of 20% (w/v). Once all of the
ammonium sulfate was added, the mixture was left to stir at room temperature for one hour, and
then spun down using the JA25.50 rotor at 48,384xg and 25°C for 30 minutes. The supernatant
was separated from the pellet, and more ammonium sulfate was slowly added with stirring to a
final concentration of 30% (w/v) in order to precipitate Rubisco. The sample was left overnight
at room temperature. The mixture was then centrifuged as previously described and the
supernatant was removed from the pellet. Samples (1 µL) of the supernatant and pellet were
collected at each fractionation step to be later visualized by SDS-PAGE. The pellet was
resuspended in 5 mL of Rubisco Buffer A per liter media, and dialyzed against 2 L Rubisco
Buffer A at room temperature overnight. The dialysate was spun as described above and the
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supernatant was syringe filtered and then loaded onto a 5 mL HiTrap Q Sepharose Fast Flow
column (GE Healthcare) using the P960 pump at 1 mL/min on an ÄKTA Explorer system (GE
Healthcare) at room temperature. Rubisco was eluted via a linear gradient from 0-0.5 M NaCl
using Rubisco Buffer B (Appendix) over 40 column volumes (200 mL) into 1 mL fractions.
Samples (10 µL) from peak fractions that eluted at approximately 250 mM NaCl were collected
for visualization via SDS-PAGE. Fractions with pure Rubisco were collected and concentrated in
a 10 kDa MWCO Amicon concentrator by centrifugation at 2360xg and 25°C in 10-15 minute
cycles until the total volume reached 10-15 mL. The sample was then dialyzed against 2 L of the
buffer required for downstream use overnight at room temperature. The dialysate was
centrifuged as described previously to remove any precipitate and was concentrated in the same
manner to 1 mL. The sample was quantified using a ninhydrin assay and diluted to a final
concentration of either 1 mg/mL or 40 mg/mL, flash frozen using liquid nitrogen and stored at 80°C until use.
2.5: Protein Purity and Pull-Down Interaction Assessment via SDS-PAGE
The purity of protein samples following purification, as well as pull-down interactions
between Rubisco and CcmM constructs (see below), were assessed using sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Up to10 µL of the sample was collected from
purifications or experiments (samples less than 10 µL were diluted with water to a final volume
of 10 µL) and added to 2X SDS Loading Dye (Appendix). Samples were heated at 95°C for 5-10
minutes and centrifuged at 13,500xg for one minute. The samples (10 µL) were loaded into the
wells of a 15% gel (Appendix) made using the SureCast Gel Handcast System (Invitrogen,
Burlington, Canada). Gels were run at 200 V for one hour in a Mini Gel Tank (Invitrogen,
Burlington, Canada), stained using a Coomassie Brilliant Blue solution (Appendix) for 20
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minutes followed by overnight rocking in a Destain solution (Appendix). Gels were digitally
photographed using a Bio-Rad gel doc system. The apparent molecular weight of the protein
bands present in the gels were determined by comparing the migration of the band to the
migration of the bands in the Precision Plus Protein Prestained Standard (Bio-Rad, Hercules,
USA). The sample was considered pure if a band appeared at the proper molecular weight
relative to the standard with no significant contaminating bands present.
2.6: Protein Quantification using Ninhydrin
A ninhydrin assay developed by Dr. Kimber was used to quantify protein concentration
following purification protocols based on the molecular weight of the protein and the number of
primary amines present in the amino acid sequence (89). Methionine standards were prepared by
dissolving methionine powder in water, and diluting it to final concentrations of 10, 20, 40, 60,
80 and 100 µg/mL in the same buffer as the protein being quantified. Standards and samples
were prepared in 1.5 mL microcentrifuge tubes by adding 50 µL of the methionine standards and
1/25, 1/10 and 1/5 dilutions of the protein sample to 150 µL ninhydrin reagent (Appendix).
Samples were vortexed and incubated at 95°C for 10 minutes on a heating block ensuring all
tubes were heated for the same period of time. The tubes were removed from the heat block and
spun down in a microcentrifuge at 14,000 rpm for two minutes to pellet unreacted substrate or
protein aggregate. The supernatant (100 µL) of each sample was pipetted into a 96-well
microplate and scanned using a POLARstar Omega micro plate reader (BMG Labtech) at 595
nm. A standard curve of methionine molarity as a function of absorbance at 595 nm was
generated and used to determine the molarity of the protein sample. Protein concentration in
mg/mL was determined by dividing the molarity by the number of primary amines, then
multiplying by the molecular weight of the protein.
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2.7: Förster Resonance Energy Transfer
2.7.1: Selective thiol labeling of Q16C and Rubisco
Pure SS1 cysteine variant Q16C and Rubisco were exchanged into FRET Buffer
(Appendix) as described previously. Approximately 0.5-2 mg of protein was incubated for 30
minutes at room temperature with a 10-fold molar excess of tris(2-carboxyethyl)phosphine
(TCEP). Thiol reactive donor and acceptor fluorophores 5-(amino)naphthalene-1-sulfonic acid
(IAEDANS) and 5-iodoacetamidofluorescein (5-IAF) were dissolved in dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO), respectively. A 20-fold excess of IAEDANS or 15-fold
excess of 5-IAF was added to the Q16C and Rubisco (which has four exposed cysteine residues
per RbcLS heterodimer) labelling reactions, respectively, and incubated overnight at room
temperature while protected from light. Labelled protein was separated from free dye using an
Econo-Pac 10 DG Desalting column (Bio-Rad, Hercules, USA). Fluorophores were quantified
by taking absorbance measurements at their respective absorbance maximum wavelengths (336
nm for IAEDANS, 492 nm for 5-IAF) using extinction coefficients of 6100 M-1cm-1 and 71000
M-1cm-1, respectively. Labelled proteins were quantified using the ninhydrin assay and the
labelling efficiency was calculated by dividing the fluorophore concentration by the protein
concentration. Samples were flash frozen using liquid nitrogen and stored at -80°C until use.
2.7.2: FRET experimental setup
Reaction mixtures (100 µL) containing 8 µM IAEDANS labelled Q16C and 1, 2, 4, 8, 16
and 32 µM 5-IAF labelled Rubisco were prepared in FRET buffer, and incubated in the dark at
room temperature for one hour. Samples were prepared in triplicate and each experiment was
repeated three times and averaged. Fluorescence intensity was measured using a PTI fluorimeter
(Photon Technology International, Birmingham, USA) with an excitation wavelength at 336 nm,
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and all experiments were measured as emission scans from 400-600 nm.
2.8: Pull-Down Experiments with SS1, SS1-2 and SS1-4 and Rubisco
To assess and ensure the presence of a meaningful interaction between Rubisco and the
CcmM C-terminal domain chains, a pull-down assay was conducted using a 30 mL column
packed with 2mL NTA resin (Bio-Rad). The resin was charged with 200 mM NiCl2 and
equilibrated with Nickel Buffer A (Appendix). Rubisco and SS1-2 or SS1-4 were incubated
together in solution at concentrations of 5 mg/mL and 10 mg/mL respectively in a volume of 200
µL. All 200 µL was loaded on to the gravity column and washed with 10 mL of Nickel Buffer A,
collecting the eluent in a 15 mL conical tube. The complex was eluted 5 mL of Nickel Buffer B
and collected. In between experiments, the column was washed with 30 mL Nickel Buffer B and
re-equilibrated with 30 mL of Nickel Buffer A. Samples (10 µL) of the initial wash and elution
of both SS1-2 and SS1-4 interactions following the pull-down experiments were visualized
using SDS-PAGE analysis.
2.9: Surface Plasmon Resonance
Binding analysis of the SS1 – Rubisco complex was performed using an OpenSPR
localized surface plasmon resonance (LSPR) biosensor (Nicoya Life Sciences Inc.). SS1 served
as the ligand and was immobilized on a gold nanoparticle COOH sensor using 1-ethyl-3-(3dimethylpropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS) to covalently link SS1
to the sensor chip. SS1 (10 µg (200 µL at 50 µg/mL)) was immobilized to the COOH sensor chip
at 20 µL/min in 1X PBS pH 7.4, followed by the blocking of any remaining exposed activated
carboxyl groups using the OpenSPR blocking solution. Following the immobilization, the
running buffer was replaced with 20 mM Tris-HCl pH 8.0, 150 mM NaCl. Interaction
experiments were conducted by injecting 200 µL of 50 µg/mL, 100 µg/mL, 500 µg/mL and 1
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mg/mL of Rubisco over the SS1-bound sensor chip at 20 µL/min. The sensor chips were
regenerated between each analyte injection by injecting 10 mM HCl at a flow rate of 150
µL/min. Sensorgram traces of the SS1 – Rubisco interaction were recorded and analyzed using
TraceDrawer software (Ridgeview Instruments) to determine the association and dissociation
rates.
2.10: Native Mass Spectrometry
Prior to Electrospray Ionization Mass Spectrometry (ESI-MS) analysis, all proteins were
buffer exchanged into 100 mM ammonium acetate, pH 6.8 using either Amicon 0.5 mL
microconcentrators (EMD, Millipore, Billerica, MA) for CcmM SS1, SS1-2 and SS1-4
constructs or a BioRad 10DG desalting column for Rubisco. Direct ESI-MS binding assay was
performed on a Synapt G2S Q-IMS-TOF mass spectrometer (Waters, Manchester, UK) equipped
with nanoflow ESI (nanoESI) source. NanoESI was performed by applying a voltage of ~1 kV to
a platinum wire inserted into the nanoESI tip, which was produced from a borosilicate glass
capillary (1.0 mm o.d., 0.68 mm i.d.) pulled to ~5 µm o.d. using a P−1000 micropipette puller
(Sutter Instruments, Novato, CA). The source temperature and gas flow rates were 60oC and 2
mL/min, respectively. The cone, trap and transfer voltages were 30 V, 5 V and 2 V, respectively.
MassLynx software (version 4.1) was used for data acquisition and processing. Mass spectra
were average over ~500 scans.
2.11: Crystallography
2.11.1: Screening
2.11.1.1: M1-TS
M1-TS was screened for crystal trials using commercially available crystallization screens
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Classics I, Classics II and JCSG+ (Qiagen, Toronto, Canada) at 30 mg/mL in Crystal Buffer
(Appendix) via the sitting drop method in a 96-well crystallization plate (Art Robbins
Instruments). Eighty microliters of each screen condition were pipetted into the plate trough, and
1 µL of the condition was added to 2 µL M1-TS in the upper well, and 1 µL M1-TS in the lower
well. The plates were sealed with clear packing tape and incubated at room temperature or at
4°C, and inspected using a Zeiss Stemi 2000C Stereo Microscope (Zeiss, Toronto, Canada) at
least once a day following incubation. Other CcmM constructs, notably SUMO-SS1 and SS1,
were screened the same way. In situ limited proteolysis of SS1 using 1:100, 1:1000, 1:10000 and
1:100000 dilutions of Proteinase K were also attempted in addition to in situ cleavage of the
SUMO tag using the same dilutions of Ulp1.
2.11.1.2: The M1-TS – Rubsico complex
Pure M1-TS and Rubisco in Crystal Buffer were mixed in solution to a final
concentration of 10 mg/mL and 5 mg/mL, respectively, and screened using Classics I, Classics II
and JCSG+ as described above (Materials and Methods 2.12.1.1). To test whether crystal hits
contained both Rubisco and M1-TS, crystals were pipetted out of the plate well and washed with
20 µL of the mother liquor and centrifuged for 90 seconds at 10,000 rpm using a
microcentrifuge. Excess mother liquor was removed from the crystal matter and crystals were
washed again. After the second wash, the mother liquor was removed and the crystal matter was
resuspended in 10 µL 2X SDS Loading Dye, vortexed briefly, heated at 90°C and run an 18%
SDS-PAGE gel at 200V for one hour. Following electrophoresis, the gel was stained, destained
and visualized as described previously (Materials and Methods 2.5).
2.11.2: Optimization
Following screening M1-TS using Classics I, initial crystal hits were observed in
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condition C9 (0.1 M MES pH 6.5, 1.8 M Ammonium Sulfate and 0.01 M CoCl2). Replicate
screens were conducted at 30 mg/mL using the screen condition and an in-house replication of
the condition, as well as a protein concentration gradient from 0-120 mg/mL M1-TS using the
same 2:1 and 1:1 protein:condition ratio in the top and bottom wells, respectively. Another
optimization screen was set up involving an additive screen (Hampton Research) composed of
72 different additives. Each additive (8 µL) was added to the 80 µL reservoir of the C9 condition,
with a notable hit from the 200 mM sodium thiocyanate (SCN-) additive. Further optimization
screens involved adjusting the molarity and concentrations of the individual chemical
compounds found in the M1-TS Hit Condition (Appendix), including a protein gradient from 10120 mg/mL M1-TS, a 0-55 mM CoCl2 gradient, a 0-500 mM SCN- gradient, a 0-2.4 M
Ammonium Sulfate gradient and the Hit Condition with 1 µL of water or 2% glycerol added.
Other optimizations included a 1:2 CoCl2:SCN- ratio gradient from 10 and 20 mM to 110 and
220 mM, and an inverse CoCl2:protein gradient from 0-55 mM CoCl2 and 120-10 mg/mL M1TS. Seeding experiments were also conducted using larger, plated crystals that had formed by
taking a crystal 0.5 mm in size and vortexed it in 100 µL of M1-TS Hit Condition, and creating a
serial dilution gradient from the initial 100 µL to 1200 µL. The screen was set up using the same
2:1 and 1:1 ratios on the top and bottom wells respectively with a sub-nucleating concentration
of M1-TS at 5 mg/mL.
Crystals were removed from crystallization wells and transferred directly into Paratone N
and excess precipitating solution was removed prior to flash freezing in liquid nitrogen. Frozen
samples were sent to the Canadian Light Source in Saskatoon, Saskatchewan for x-ray
diffraction.
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2.11.3: X-Ray Diffraction Data Collection
Data were acquired on beamline 08ID-1 equipped with a Pilatus 6M detector at the
Canadian Light-Source. After a fluorescence scan to establish the cobalt peak, SAD data was
collected at a wavelength of 1.60522 Å. Native data collection was collected using a wavelength
of 0.97949 Å. Data was processed in XDS and scaled in Xscale (90).
2.11.4: Structure Determination and Analysis
The data acquired from single anomalous diffraction was solved using Autosolve in
Phenix (91), followed by iterative manual rebuilding in Coot (92) and refinements in Phenix.
Following refinement, molecular replacement of the native crystal data set was conducted using
the SAD refined structure as a model, followed by multiple refinement cycles in Coot.
2.12: GREMLIN Analysis, Modelling using ROSETTA
Generative regularized models of proteins (GREMLIN) was used to test the coevolution
and covariance of amino acids in the CcmM small subunit domain primary sequence (93, 94). A
multiple sequence alignment comprised of 365 sequences was generated using sequences that
had 35-90% sequence similarity to the sequence of T. elongatus BP-1 SS1 (BLASTp) and was
further refined using Jackhmmer on the GREMLIN server. GREMLIN was run using a final total
of 1049 non-redundant sequences, and a contact map showing strength in covariance was
generated. HHSearch was used to compare the predicted contacts to contact maps of the closest
known structures in the Protein Data Bank. Restraints were generated for subsequent structural
modeling in ROSETTA (95).
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Chapter 3: Results
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3.1: Cloning and protein purification
3.1.1: CcmM constructs
Gene fragments coding for SS1-2 and SS1-4 were successfully amplified from a pET28a
vector containing full length T. elongatus BP-1 CcmM. Agarose gel electrophoresis of the PCR
samples showed bright bands at all elongation temperatures at approximately 600 and 1300 base
pairs (bp), corresponding to the predicted 594 and 1281 bp sizes of the SS1-2 and SS1-4 gene
fragments, respectively (Figure 3.1A, B). Following the double digestion of the amplicons and
pET28a with NdeI and HindIII, and subsequent Arctic phosphatase incubation, amplicon and
vector DNA were ligated at 37°C or 16°C. Ligation reactions incubated at 37°C did not produce
colonies when transformed, while colonies were present following transformation of ligation
mixtures incubated at 16°C for both constructs. Single colonies for each construct yielded
approximately 100 ng/µL DNA following overnight incubation and Miniprep extraction. A
double digest experiment using NdeI and HindIII confirmed the successful ligation, with bands
appearing at 600 and 1300 base pairs corresponding to each gene, as well as a band at
approximately 5000 base pairs corresponding to the pET28a vector (Figure 3.1C).
The cysteine variant Q16C was made using site-directed mutagenesis and the pBLT4SS1 plasmid as a template. Agarose gel electrophoresis showed amplification at all elongation
temperatures. The presence of the mutation was confirmed via Sanger sequencing.
All CcmM constructs, SS1, Q16C, SS1-2, SS1-4 and M1-TS, were purified on an ÄKTA
FPLC, with direct loading to the column using a P960 pump followed by wash and elution steps
and visualized in real-time using the packaged UNICORN software. All constructs with the
exception of M1-TS were purified on a 1 mL Nickel NTA column with 10 mM and 20 mM
imidazole wash steps and a 250 mM imidazole elution step. Analysis via SDS-PAGE indicated
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Figure 3.1: Agarose gels showing PCR amplification and cloning of SS1-2 and SS1-4 constructs.
(A) The ss1-2 gene and the (B) ss1-4 genes were PCR amplified across an elongation step
temperature gradient from 50-65°C. High amplification was observed at all temperatures for both
constructs and all DNA amplicon was pooled for downstream cloning. (C) The successful
cloning of the target construct was assessed using a double digest control reaction. Regions of
the gel outlined by a blue box indicate the presence of the ss1-2 and ss1-4 genes, and therefore a
successful insertion of the respective DNA fragments in pET28a.
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some loss of protein sample in the flowthrough, and that a substantial amount of sample was
eluted in the 10 mM and 20 mM imidazole washes (Figure 3.2A, B, C). Otherwise, bands present
at 12 kDa (SS1 and Q16C), 25 kDa (SS1-2) and at 50 kDa (SS1-4) were observed. It was also
observed that SS1-4 did not purify very well despite undergoing the same procedure as the other
constructs. Following a 24-hour incubation period at 4°C, aggregation was observed and further
SDS-PAGE analysis showed the aggregation resulted in some loss of contaminants, though
several notable contaminants remain (Figure 3.2C). On average, the final protein yield was
around 15-25 mg per liter preparation for all constructs.
Following a wash step on a 5 mL SP FF cation exchange column, M1-TS was eluted
using a linear gradient from 0 to 500 mM NaCl, and was observed to begin eluting at
approximately 40 mM NaCl. SDS-PAGE analysis of the peak fractions indicated fractions with
impure M1-TS with bands corresponding to a molecular weight of approximately 11 kDa (Figure
3.2D). Also observed was a reduction of protein sample loss in the flowthrough if the flow rates
were reduced during loading to 0.3-0.5 mL/min. Fractions containing M1-TS were pooled and
run on an Superdex 75 10/300 GL (GE Life Sciences) column, with a sharp peak indicating the
elution of M1-TS after 12 mL. Sample purity was assessed via SDS-PAGE. The final protein
yield of M1-TS was approximately 30-40 mg per liter of bacteria culture.
3.1.2: Rubisco Purification
The purification of Rubisco was broken up into two main steps: ammonium sulfate
precipitation, followed by anion exchange chromatography. Through optimization, it was
determined that the first 20% (w/v) precipitation step was sufficient to salt-out several
contaminants from the Rubisco supernatant, with Rubisco remaining in the soluble fraction, and
that the following 30% (w/v) step was the optimal concentration of ammonium sulfate to salt-out
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Figure 3.2: Purification of CcmM constructs visualized via SDS-PAGE. SDS-PAGE gels
showing the purification of (A) SS1 and (B) cysteine variant Q16C using a 1 mL Nickel column.
Some protein can be seen in the flowthrough, though pure protein elutes in as little as 10 mM
imidazole. (C) SDS-PAGE gel showing the cumulative purification processes for SS1-2 and
SS1-4 on a 1 mL Nickel column. Bands indicated by the asterisk show SS1-2 elution across all
wash steps. Minor degradation was also observed. SS1-4 also eluted across all wash steps. Most
contaminants were not present following a 24-hour incubation and concentration. (D) SDSPAGE gel of the purification of M1-TS via cation exchange on a 5 mL SP Sepharose column
followed by size exclusion on an Superdex 75 gel filtration column. The flowthrough shows no
M1-TS present, and all protein was eluted upon the introduction of 40 mM to 120 mM NaCl.
Elution from the Superdex 75 column occurred after approximately 12 mL.
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Rubisco with very little contamination (Figure 3.3A). It was also observed that an hour long
incubation at room temperature for both steps was optimal for precipitation, as overnight
incubations with 20% ammonium sulfate lead to traces of Rubisco precipitation, and overnight
incubations with 30% ammonium sulfate lead to contaminants in the Rubisco sample. Minor
precipitation was observed following the initial dialysis step to remove ammonium sulfate from
the solution.
Following dialysis, Rubisco was loaded onto a 5 mL Q Sepharose FF anion exchange
column, and eluted over a 0 to 500 mM NaCl gradient. Rubisco eluted at approximately 250 mM
NaCl. The purity of the Rubisco sample was assessed via SDS-PAGE (Figure 3.3B). Buffer
exchange using a 10 kDa MWCO concentrator was deemed suboptimal as aggregation was
observed following prolonged centrifugation at high speeds, therefore a desalting column was
used instead. For the same reasons, concentrating Rubisco at the end of the purification involved
centrifugation at lower speeds of 3,000 rpm for 10 minutes per cycle.
3.2: CcmM-Rubisco Interaction Studies
3.2.1: Pull-Down Interaction Assays
Interaction mixtures containing 5 mg/mL purified Rubisco and 10 mg/mL of either pure
SS1-2 or SS1-4 were loaded onto a 2 mL Ni-NTA gravity flow column, washed, and eluted
using 5 mL of Nickel Buffer B containing 500 mM imidazole. The 10 mL wash fractions and 5
mL elution fractions were visualized on a 15% SDS-PAGE gel (Figure 3.4). Large bands at 25
kDa and 50 kDa in the elution fractions of both samples show the successful binding of the Histags of each construct to the Ni2+-bound resin. Bands at 50 kDa and 14 kDa, characteristic of
RbcL and RbcS, were also present in the elution fractions, indicating a long-lived interaction
between Rubisco and SS1-2 and SS1-4. However these bands were also present in the
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Figure 3.3: The purification of T. elongatus BP-1 Rubisco. (A) Ammonium sulfate fractionation
of the Rubisco supernatant post lysis visualized using SDS-PAGE. Rubisco large and small
subunits can be visualized in the supernatant of the 20% fractionation and the pellet of the 30%
fractionation. Most contaminants present in the 20% supernatant were not see in the 30% pellet,
in addition to higher molecular weight contaminants that were present in experiments involving
higher ammonium sulfate percentages. (B) Anion exchange of dialyzed Rubisco sample
following ammonium sulfate fractionation on a 5 mL Q Sepharose FF column. The sample
represented in the ‘load’ lane was taken from the dialysate following overnight dialysis to
remove ammonium sulfate from the system. No RbcL or RbcS is present in the flowthrough, and
pure Rubisco eluted over a gradient of 235 mM NaCl to 340 mM NaCl.
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Figure 3.4: Pull down interaction between Rubisco and SS1-2 and SS1-4 visualized using SDSPAGE. Flowthrough and elution fractions were visualized to determine relative binding of
Rubisco to the CcmM constructs. RbcL and RbcS are highlighted in the elution fractions by a
blue box, appearing at 50 kDa and 14 kDa. The asterisk denotes the band corresponding to SS12.
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wash fractions. Due to the presence of RbcL and RbcS in the wash fractions, it was not possible
to observe lone RbcS as a result of displacement from the holoenzyme by CcmM.
3.2.2: Förster Resonance Energy Transfer
FRET was used to investigate the interaction between SS1 and Rubisco by observing the
energy transfer from an excited-state donor molecule (IAEDANS) to a ground-state acceptor
molecule (5-IAF). Labelling with this acceptor/donor pair with maleimide containing
fluorophores requires the free thiol-group of a cysteine residue and therefore required the
engineering of a cysteine variant of SS1, Q16C. The structure of M1-TS confirms Gln16 as a
surface exposed residue. Protein samples were mixed into a solution with an excess of each
fluorophore and kept away from light. Following the labelling reaction and excess fluorophore
removal by buffer exchange, aggregation was observed and discarded by centrifugation before
protein quantification by ninhydrin. Fluororphore labelling efficiency was measured by
calculating fluorophore concentration from the fluorescence intensity and dividing it by the
molarity of protein in the labelled sample. Since the calculations were a measure of fluorescence
per fluorophore molecule, calculations involving Rubisco required the extra consideration of
multiple labelling sites across the holoenzyme. It was predicted that each RbcLS heterodimer
contained four surface exposed cysteine residues (Cys83 and Cys459 on RbcL and Cys63 and
Cys83 on RbcS), and therefore fluorophore labelling efficiency was calculated by assuming 32
sites per RbcL8S8. On average, the labelling of Rubisco with 5-IAF was 20% efficient assuming
32 sites and the labelling of Q16C with IAEDANS was 61% efficient.
FRET reaction mixtures were protected from light for the duration of the experiments.
RbcLS heterodimer was added in concentrations of 8, 16, 32, 64, 128 and 256 µM to 8 µM
Q16C in the absence of Rubisco. Each Q16C:Rubisco mixture was prepared in triplicate, and
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each dataset was an average of three emission scans. The data from each triplicate was averaged
and plotted as a single curve (Figure 3.5). FRET, represented as a percentage of energy transfer,
was calculated by dividing the signal of Q16C alone by the signal of donor emission at 490 nm.
A consistent increase in energy transfer of about 10% per additional micromolar of Rubisco can
be observed until the energy transfer appears to plateau when the concentration of Rubisco
exceeds the concentration of Q16C (Figure 3.6). The data was fit to a hyperbolic curve with an
R2 value of 0.99 and an apparent KD of 6.34x10-5 (± 1.15x10-5) M or ~64 µM.
3.2.3: Surface Plasmon Resonance
Surface Plasmon Resonance was used to qualitatively analyze the SS1-Rubisco
interaction by immobilizing SS1 to a gold nanoparticle COOH chip and flowing Rubisco over
the chip as the analyte to determine binding kinetics. In the sensorgram traces drawn by the
accompanying software, a shift in the recorded wavelength upon introduction to the SS1-bound
sensor chip confirms binding (Figure 3.7). Normally, the binding of the analyte is observed by an
increase in wavelength, but in all experiments, a slight decrease in wavelength was observed
prior to the upwards shift that indicates binding. There appeared to be no correlation between
analyte concentration and intensity of the wavelength shift. Global analysis of the sensorgram
traces using a 1:1 binding model yielded an association rate constant, or kon of 7.01x102 (±
1.06x102) M-1s-1 and a dissociation rate, koff of 1.48x10-3 (±4.52x10-6) s-1. The interaction
appeared stable, with a KD of 2.1 (±0.3 x10-6) M, or approximately 2.1 µM.
3.2.4: Native Mass Spectrometry
Rubisco, SS1, SS1-2 and SS1-4 samples in 20 mM Tris pH 8.0 and 150 mM NaCl were
sent to the Klassen group at the University of Alberta for native mass spectrometry analysis of
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Figure 3.5: Raw FRET data of an emission scan showing the interaction of IAEDANS-labelled
Q16C and increasing concentrations of 5-IAF-labelled Rubisco. An emission scan between 400600nm was conducted using an excitation wavelength of 336 nm for seven different micromolar
ratios of Q16C and Rubisco. The donor emission signal at 490 nm decreases in the presence of
increasing concentrations of acceptor-labelled Rubisco, the emission signal of which at 518 nm
is also seen to increase, indicating energy transfer between the two fluorophores.
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Figure 3.6: Relative energy transfer between donor-labelled Q16C and increasing
concentrations of acceptor-labelled Rubisco. The average signal of donor emission at 490 nm for
each ratio of Q16C and Rubisco was compared to the starting signal of Q16C alone in solution
and represented as a percentage indicating the amount of energy transfer between donor and
acceptor fluororphores. The data was fit with a hyperbolic trendline with an R2 of 0.99.
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Figure 3.7: Surface Plasmon Resonance sensorgram traces of the interaction of Rubisco and immobilized SS1. SPR was conducted by
flowing free Rubisco over CcmM-SS1 that was immobilized to a COOH gold nanoparticle chip and observing the shift in wavelength
over time to indicate the association and dissociation of the interaction. An increase in signal can be observed after about a minute of
interaction time with varying dissociation times (355 seconds for 50 and 500 µg/mL, 360 seconds for 100 µg/mL, 250 seconds for 1
mg/mL).
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Rubisco in solution with the CcmM constructs. The CcmM construct samples were exchanged
into a mass spectrometry buffer consisting of 100 mM ammonium acetate pH 6.8 using 3k (SS1)
and 10k (SS1-2 and SS1-4) MWCO concentrators, while Rubisco was exchanged into the same
buffer using a 10DG desalting column (Bio-rad). Rubisco samples exhibited precipitation
following buffer exchange. Samples were quantified and used the same day they were
exchanged. Electro-spray ionization of the CcmM samples on their own produced mass spectra
showing molecular weights of 12.8 kDa (SS1), 24.2 kDa (SS1-2) and 49.2 kDa (SS1-4). The
molecular weight of Rubisco was determined by mass spectra to be 544 kDa. Interaction
experiments were conducted with 0.1 µM Rubisco and 0, 2, 4 and 6 µM SS1. Changes in the m/z
peaks relative to the Rubisco mass spectra corresponding to the binding of SS1 show a total of
five SS1 domains binding before the Rubisco signal diminishes (Figure 3.8). There was no
observed peak corresponding to lone RbcS. Interaction assays with SS1-2 and SS1-4 as well as
attempts to observe more SS1 binding by reducing the diminishing signal of Rubisco are
currently in progress. A sixth SS1 domain has been observed to bind at higher concentrations
(data not shown).
3.3: Structural Studies
3.3.1: Residue contact map prediction using GREMLIN
Using the Jackhmmer refinement option on the GREMLIN interface, 1049 non-redundant
sequences of SS1 were aligned to assess covariance. Following the server recommendation of at
least 5 times the sequence length number of sequences for accurate predictions, the final
sequences per length value was 12.198. A contact map was produced with both axis representing
the primary sequence of SS1 showing contacts across all 1049 sequences in the alignment
(Figure 3.9). The contacts predicted by GREMLIN including the Scaled Score of each contact

57

Figure 3.8: Detection of the CcmM-Rubisco complex using Native Mass Spectrometry. ESI-MS
was used to observe the change in m/z ratio of Rubisco (a) upon binding of 2 µM (b), 4 µM (c)
and 6 µM (d) SS1. Ion peaks corresponding to an addition of a new SS1 domain are indicated as
1+, 2+, 3+, 4+ or 5+ relative to the ion peaks for Rubisco alone. Data courtesy of Elena Kitova
and Dr. John Klassen from the University of Alberta.

58

A

B

Figure 3.9: CcmM-SS1 predicted contact map generated by GREMLIN. (A) GREMLIN was
used to predict points of contact between amino acid residues in the SS1 sequence based on
covariance and co-evolution of residues based on a multiple sequence alignment of over 1000
sequences of the CcmM C-terminal domains. The sequence runs along the top and left side axis,
from left to right and top to bottom and potential points of contact within the protein are
represented by a blue dot. The larger and darker the dot is, the higher the strength in covariance.
Several of these stronger contacts are specified in Table 3.1. (B) The contact map generated by
GREMLIN was overlaid onto the contact map for the structure of Thermosynechococcus
elongatus Rubisco (PDB ID 3ZXW, Cov = 0.93).
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and the probability of the predicted contact being correct are summarized in Table 3.1.
In addition to the contact map generated by GREMLIN to show predicted contacts within
the SS1 sequence, GREMLIN also compared the predicted contact map to generated contact
maps of known structures in the PDB of close structural homologs. Notably, known structures
with a high contact map coverage (Cov > 0.9) were all Rubisco structures from various species,
suggesting a high structural similarity between SS1 and RbcS. An example of this comparison
can be seen in Figure 3.9B, where the contact map of SS1 was compared to the contact map of
activated Rubisco from Thermosynechococcus elongatus (PDB ID 3ZXW). Constraints were
generated by GREMLIN for structural modelling in Rosetta. 10,000 structures were modelled
based on the predicted contact map from GREMLIN and were scored. Structures with the most
negative score were deemed optimal predictions.
3.3.2: Crystallization
3.3.2.1: Crystallization of M1-TS
M1-TS was initially screened using Classics I, Classics II and JCSG+ suites at 30
mg/mL. The first hit was observed in the 2:1 protein:condition well of Classics I C9 (0.1 M MES
pH 6.5, 1.8 M ammonium sulfate, 0.01 M CoCl2, Figure 3.10A). This condition yields numerous
thin hexagonal plates that stack. Using the same condition, M1-TS was screened for the effect of
a variety of chemical additives on crystallization. Upon the addition of sodium thiocyanate,
separate clusters of purple crystals were observed (Figure 3.10B). Further optimization of this
condition with the addition of thiocyanate yielded a range of concentrations of CoCl2 and
thiocyanate that allowed for the crystallization of M1-TS into purple hexagonal prisms (Figure
3.10C, D). The large, single hexagonal crystals were sent to the Canadian Light Source, but most
of the crystals were twinned, with stacks of crystals
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Table 3.1: A list of the top covarying residues predicted by GREMLIN. Residues and positions
in the primary sequence are represented by i and j. Only contacts with a Scaled Score > 1 are
shown, as contacts with a Scaled Score > 1 are highly covarying when compared to the average.
i
23_H
37_G
10_G
12_L
59_H
23_H
10_G
44_S
9_I
23_H
21_T
21_T
42_G
20_G
8_Q
52_L
69_I
55_C
56_L
61_G
42_G
12_L
68_G
24_A

j
59_H
55_C
14_A
68_G
62_E
62_E
45_T
47_E
52_L
37_G
37_G
66_L
48_V
69_I
80_E
66_L
74_K
59_H
64_V
86_D
47_E
19_I
78_V
32_G

29_F
18_K
63_Y
6_V
63_Y

81_I
32_G
85_P
53_E
83_Q

j
Scaled Score
Probability
Scaled Score Probability i
2.839
1 66_L 82_I
1.152
0.972
2.773
1 61_G 83_Q
1.149
0.971
2.326
1 24_A 31_T
1.147
0.971
2.321
1 24_A 28_R
1.147
0.971
2.112
1
6_V 46_G
1.14
0.969
1.926
1 17_F 78_V
1.125
0.966
1.907
1 38_S 55_C
1.075
0.953
1.818
1 65_R 76_R
1.064
0.949
1.682
0.999
7_Q 10_G
1.045
0.943
1.611
0.999
2_S 26_A
1.038
0.94
1.559
0.998 24_A 27_R
1.026
0.935
1.55
0.998
2_S 51_A
1.02
0.933
1.532
0.998 26_A 86_D
1.016
0.931
1.529
0.998 25_D 30_R
1.014
0.93
1.484
0.997
4_E 7_Q
1.004
0.926
1.39
0.994
1.379
0.994
1.371
0.994
1.31
0.99
1.304
0.99
1.279
0.988
1.247
0.985
1.246
0.985
1.237
0.984
1.228
1.204
1.193
1.19
1.158

0.983
0.98
0.978
0.978
0.973
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Figure 3.10: Crystal formation of M1-TS initial screening and optimization steps. (A) Initial
crystal hits from condition C9 of Classics I (0.1 M MES pH 6.5, 1.8M ammonium sulfate and
0.01 M CoCl2, 30 mg/mL M1-TS). (B) Purple crystal formation upon the addition of 200 mM
sodium thiocyanate to the initial hit condition. Optimization screens were conducted using
varying concentrations of ammonium sulfate, CoCl2 and SCN- to produce large single crystals,
notably (C) 0.1 M MES pH 6.5, 1.8 M ammonium sulfate, 0.01 M CoCl2 and 0.45 M SCN- and
(D) 0.1 M MES pH 6.5, 1.8 M ammonium sulfate, 0.009 M CoCl2 and 0.2 M SCN.
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forming. Seeding using one of these large stacks at a subnucleating concentration of 5 mg/mL of
M1-TS was able to produce single crystals that mitigated most of the stacking, although the
crystals produced by seeding were smaller.
3.3.2.2: Crystallization of the RbcL/S/CcmM complex
Preliminary trials were conducted to crystalize the SS1-Rubisco complex. A sample
mixture consisting of 5 mg/mL Rubisco and 10 mg/mL M1-TS was screened against Classics I,
Classics II and JCSG+ suites. Initial hits were observed within two days in conditions B6, F1 and
H9 from Classics I, B1-6, B8, C8 and C11 in Classics II and E4 and H1 in JCSG+. The crystals
in C11 from Classics II and E4 from JCSG+ exhibited a tetragonal morphology, while the other
hits approximate cubes, consistent with the morphology of previous T. elongatus BP-1 apoRubisco crystals.
To determine the composition, the crystals from Classics I B6, Classics II B1, B2, C8 and
C11 and JCSG+ E4 and H1were removed from the well and run on an 18% SDS-PAGE gel
(Figure 3.11B). Bands corresponding to RbcL, RbcS and M1-TS were all observed at 50 kDa, 14
kDa and 11 kDa respectively, with the most prominent band \ present in lane 7, the crystal (with
tetragonal morphology) is shown in Figure 3.11A.
3.3.3: The crystal structure of M1-TS
The structure of M1-TS was refined to a resolution of 1.3 Å (Table 3.2). The asymmetric
unit consists of two M1-TS domains that form a contact at the end of their respective N-terminal
helices. The cobalt binds two thiocyanate molecules: one molecule making a contact with the αC
helix of M1-TS in one asymmetric unit, and the other thiocyanate making a contact deep in a
pocket to the β1 strand in the neighboring asymmetric unit in addition to being coordinated by
His61 from one M1-TS and Glu60 from the other (Figure 3.12). The main structural domain of
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Figure 3.11: Initial crystal hit of the CcmM-Rubisco complex and confirmation of the complex
by SDS-PAGE. (A) 10 mg/mL M1-TS was mixed with 5 mg/mL Rubisco and screened against
all three available crystallography suites. An initial hit was observed in condition H1 from
JCSG+ (0.1 M Bis-Tris pH 5.5, 0.3 M magnesium formate). The crystals exhibited a similar
morphology to those of lone Rubisco crystals. (B) SDS-PAGE analysis of initial crystals hits.
Crystals were washed with mother liquor, vortexed and run on an SDS-PAGE gel to determine
the protein content. The crystal hits and their screening conditions are as follows: 1: Classics II,
B1; 2: Classics II, B2; 3: Classics II, C8; 4: Classics II, C11; 5: Classics I, B6, 6: JCSG+, E4; 7:
JCSG+, H1. Presence of RbcL, RbcS and M1-TS are present at 50, 14 and 11 kDa, respectively.
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Table 3.2: Crystallographic data and refinement statistics for single anomalous dispersion and
native data collection of M1-TS.
Diffraction data

M1-TS (SAD)

M1-TS (Native)

X- ray source

CLSI-08-ID-1

CLSI-08-ID-1

Wavelength (Å)

1.605

0.9795

Unit cell (Å)

28.87 73.65 76.63

28.9 73.56 76.57

P 21 21 21

P 21 21 21

38.31 – 1.561 (1.617 – 1.561)

38.28 – 1.3 (1.346 – 1.3)

Data completeness (%)

78.13 (2.15)

96.95 (84.70)

Redundancy

4.32

5.53

Average I/σ(I)

16.53

12.04

Rwork (%)

0.1988 (0.3735)

0.1741 (0.2761)

Rfree (%)

0.2279 (0.8967)

0.1956 (0.2793)

Protein

1430

Ligands/Ions

21

1599
20

Waters

134

199

25.40

25.12

Protein

24.56

23.51

Ligand/Ion

31.40

33.20

Waters

33.46

37.32

Bond length (Å)

0.009

0.017

Bond angle (°)

1.08

1.57

Favored

98.26

98.21

Allowed

1.74

1.79

Space group
Resolution Range (Å)

a

Refinement Statistics

No. of atoms

B-factors (Average)

r.m.s.d

Ramachandran Plot (%)

a

Values in parenthesis are for the highest resolution shell.

65

Figure 3.12: Incorporation of CoSCN2 into the M1-TS crystal lattice. The electron density map
was generated using PHENIX and an isomesh map was created in PyMOL. The cobalt ion (pink)
can be seen making contacts with Glu60 of an M1-TS protein from one asymmetric and His61
from M1-TS in a neighboring unit, and between two thiocyanate (SCN) molecules. The thiol
atom of SCN- protrudes into M1-TS, making contacts with the backbone.
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M1-TS consists of four-stranded anti-parallel β-sheet, flanked by two bordering α-helices
(Figure 3.13A). Both N- and C-termini (residues 1-6 and 86-88 respectively) are largely
disordered.
The M1-TS structure could be superimposed onto a computationally predicted structure
derived from GREMLIN data generated by ROSETTA with an R.M.S.D of 1.9 and a Z-score of
12.0 (Figure 3.13B). The superposition shows that the predicted structure (purple) and the crystal
structure (gold) are near identical, with the only differences being small variation in β2, the loops
and the N- and C-terminus. However, the main core of the domain, the anti-parallel β-sheet and
flanking helices are accurately predicted by Rosetta. Additionally, the crystal structure of M1-TS
could be superposed onto the crystal structure of T. elongatus BP-1 RbcS (from the Rubisco
structure, PDB ID 2YBV) with an R.M.S.D of 2.2 and a Z-score of 10.4 (Figure 3.13C). RbcS
and M1-TS are similarly organized with an anti-parallel β-sheet domain and flanking helices.
RbcS, however, has a long N-terminal loop region that makes numerous contacts to the RbcL
surface in the T. elongatus BP-1 Rubisco structure (Results 3.3.4). Additionally, the loop region
connecting strands β1 and β2 in M1-TS is approximately the same size as the canonical βA-βB
loop of RbcS (13 and 12 amino acids in length, respectively). Finally, B-factors indicate that the
main domain is relatively rigid, with few locations displaying a higher degree of mobility (Figure
3.13D). The N- and C-termini both display higher B-factors than the body of the domain, in
addition to the α-helix in between the β1 and β2 strands containing Arg29, Arg30 and Arg32 and
Gln45 showing the highest B-factors across the model.
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Figure 3.13: The crystal structure of M1-TS. (A) A cartoon representation of the M1-TS
structure with labelled N- and C-termini and secondary structure features. M1-TS is composed of
a four-strand anti-parallel β-sheet flanked by two α-helices with a long, disordered N-terminus.
Superpositions of M1-TS (gold) and (B) the predicted structure generated by Rosetta using
GREMLIN data (purple, rmsd: 1.9) and (C) the structure of RbcS from T. elongatus BP-1 (green,
rmsd: 2.2) were generated using DALI-lite pairwise comparison. Superpositions show shared
secondary structure features and tertiary organization between both structures. (D) Cartoon
representation colored by B-factors regions of high mobility. Of particular note is the αB helix
formed by the β1- β2 loop, which has a higher B-factor suggesting that it is a more flexible
region.
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3.3.4: Modeling the CcmM-Rubisco Complex
The structure of M1-TS was superimposed onto an RbcS domain of the crystal structure
of T. elongatus BP-1 (PDB 2YBV) to explore potential models for CcmM binding to the RbcL8
core. Such models assume that CcmM displaces RbcS and occupies the same binding surface on
RbcL. When comparing how RbcS fits onto the RbcL8 to how CcmM may fit, there are two
notable differences. The first difference is in the N-terminal domain. RbcS possesses an Nterminal loop that is significantly longer than the N-terminus of M1-TS (by 14 amino acids), and
the entire loop makes contacts across the upward-inner face of RbcL (Figure 3.14A). M1-TS
lacks a loop region long enough to make the same contacts, the αA helix appears to be able to
make the same contacts as the corresponding helix in RbcS. The second difference is in the
region between the β1 and β2 strands of M1-TS and the βA-βB loop in RbcS. The helical
segment in this loop region on M1-TS appears to extend further down into the RbcL8 core and
appears to make contacts with the inner-face of the opposite RbcL subunit (Figure 3.14B).
Electrostatic analysis of the RbcL8 core shows that the center pore of the holoenzyme is
negatively charged and lined with glutamate residues (Figure A.1). Electrostatic analysis of RbcS
shows that the N-terminal loop is positively charged and it fits well within the negatively
charged groove on the RbcL face (Figure 3.14C). The major difference in the electrostatic
surface model of M1-TS is that the αB helix between the β1 and β2 strands has a distinct positive
charge, containing three arginine residues that could be extruded into the RbcL8 pore (Figure
3.14D). In contrast, the residues that comprise the βA-βB loop of RbcS are electronegative,
notably Glu49. This arginine-rich loop region on M1-TS is the same structural feature discussed
previously regarding its B-factors (Figure 3.13D). These arginines are located in a region that is
relatively mobile and has significantly poorer defined electron density (Figure 3.14E). Finally,
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Figure 3.14: Structural modeling of the CcmM-Rubisco complex. (A) The native binding of
RbcS (green) onto the RbcL8 core (white). RbcS fits into the groove between RbcL subunits, and
its N-terminal loop makes contacts along the inward face RbcL. (B) Superposition of M1-TS
(gold) onto the RbcL8 core (white). M1-TS makes the same contacts as RbcS with the exception
of the N-terminal and αB helix regions, which extends further into the Rubisco pore.
Electrostatic analysis comparison of RbcS (C) and M1-TS (D) reveal a highly electropositive
region of M1-TS corresponding to the arginine-rich αB helix of M1-TS while the same region on
RbcS is mostly electronegative. (E) Electron density map of the RRYR region of the αB helix of
M1-TS. (F) Surface representation showing conserved regions on the putative RbcL binding face
of M1-TS (flipped 180° upwards from Figure 3.14B) that may interact with RbcL and the Nterminal loop of RbcS. Purple regions indicate areas of high conservation and blue regions are
less conserved. Generated using Consurf.
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Consurf was used to estimate conserved residues across the surface of the M1-TS
structure to assess the conservation of the proposed binding surface (96, 97). While the solvent
exposed region of M1-TS is less conserved overall, many of the residues in the β-sheet that
comprise the proposed binding face, as well as the αB helix in between the β1 and β2 loops and
the C-terminus are highly conserved (Figure 3.14F), indicating that these regions may indeed be
involved in the interaction between CcmM and Rubisco.
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Chapter 4: Discussion
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4.1: Rubisco Expression and Purification
One of the challenges in the early stages of this project was having enough Rubisco to
conduct FRET and crystallography experiments. The initial protocol involved recombinant
expression at 20°C with 0.4 mM IPTG followed by a room temperature purification on an
Econo-Pac disposable chromatography column packed with 4 mL of Macro-Prep® DEAE resin
(Bio-Rad, Hercules, CA, USA). This method yielded on average 1 mg of Rubisco per liter
preparation, despite the rbcLXS gene being expressed in a high-copy plasmid and coexpressed
with the GroEL/S chaperonin complex. This protocol was initially modified at the purification
step, where instead of using a gravity flow column, the purification was moved onto an AKTA
Explorer pump system at room temperature using a 5 mL Q FF column (GE Healthcare)
followed by size exclusion on an S200 column (GE Healthcare). This however still ended with
about 1 mg per liter preparation of impure sample and a majority of the visible RbcL in the
pellet.
Several steps were changed to make sure that there was as much soluble Rubisco to
purify as possible. One of the major issues in previous expression and purification attempts was
that this thermostable Rubisco would precipitate at colder temperatures. The protocol was
modified so that expression temperature was changed to 20°C and pellet centrifugation was
conducted at room temperature. Another step that required optimization was the temperature at
which the cells had been sonicated. Typically, the beaker containing the lysate is submerged in
an ice/slush bath for the duration of the sonication. This was a major cause of Rubisco
insolubility because after sonication in a water bath at room temperature, the amount of RbcL in
the pellet was minimal. Another cause of insolubility was the thawing process of frozen cell
pellets. When cell pellets were lysed the same day as they were centrifuged, a decrease in
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insoluble RbcL was also observed. Therefore, it proved important to centrifuge and lyse the cell
pellets and purify Rubisco on the same day.
Over time, the purification protocol went through several iterations, including the
addition of a 5 mL DEAE column (GE Healthcare) and a MonoQ column (GE Healthcare) as
well as attempts to express and purify a construct of rbcLXS with an N-terminal His-tag on RbcL
for cleaner purifications. Eventually, the protocol presented by Gubernator et al. was adopted
with the GroELS/Rubisco coexpression construct: overnight induction at 37°C, purification on a
5 mL DEAE column followed by a secondary MonoQ step (98). The buffer composition was
also adopted and remained unchanged from the current buffer (Appendix). A third step using the
Superdex 200 column was eventually included to try and polish the final sample. The yield at the
end was the same, but with two anion exchange and single size exclusion step, the 1 mg per liter
preparation was slightly purer than the initial protocol.
In the same publication, Gubernator et al. report purifying spinach Rubisco via
precipitation with ammonium sulfate, followed by anion exchange chromatography (99).
Ammonium sulfate is often used to precipitate Rubisco from plant samples, such as Arabadopsis
and Xanthium (100), and recombinant Rubisco expressed in E. coli could also be purified by
ammonium sulfate fractionation (101). Through testing several concentrations of ammonium
sulfate (10, 15, 20, 22.5, 25, 30, 45, 55 and 60% ammonium sulfate (w/v)), the concentrations of
ammonium sulfate to cause the precipitation of Rubisco were determined to be between 20% and
30% at room temperature (specifically 25°C). The ammonium sulfate fractionation step removed
many of the contaminants, most importantly many of higher molecular weight contaminants,
while the mid-molecular weight range contaminants were removed using ion exchange. The
addition of the ammonium sulfate fractionation cut down the purification process by a full day,
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and improved the yield up to about 10 mg per liter preparation.
4.2: CcmM-SS1
4.2.1: Crystallography
Conditions for crystallization of SS1 were extensively screened. Due to the small size of
SS1 (about 12 kDa), higher protein concentrations were used (30 to 50 mg/mL). However many
conditions yielded either heavy precipitation or no nucleation occurring. The C-terminal domains
of CcmM are tethered by long, disordered loops and therefore in situ limited proteolysis using a
promiscuous protease Proteinase K was attempted at 1:1,000, 1:100,000 and 1:1,000,000 ratios
of protease to protein, based on the recent success of this method using trypsin and chymotrypsin
(102). This was however unsuccessful, likely to due to chemical requirements for protease
activity being absent in crystal screens, hindering proteolysis, or the opposite scenario where
even the presence of Proteinase K in concentrations several orders of magnitude less than SS1
were enough to digest the main structural domain. Limited proteolysis with thrombin was also
attempted since the N-terminal His-tag on SS1 is connected by a thrombin cleavage site, but was
also unsuccessful. A SUMO-tagged construct of SS1 was expressed, purified (data not shown)
and screened for crystallographic trials. The SUMO-tag was meant to enhance stability and
solubility and act as a bulky scaffold to facilitate crystal lattice formation, but no crystal hits
were observed. This may have been due to the increased solubility of SS1 due to the tag, or due
to the extension of the flexible N-terminal region of SS1, preventing SUMO-SS1 from forming
symmetrical contacts.
A poor quality native diffraction data set obtained in the lab in 2009 of SS1 had been
acquired through His-tag cleavage with thrombin prior to screening, so a tagless construct was
cloned to circumvent the digestion process. This construct, M1-TS was expressed and purified,
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and hits were observed within three days of setting the screens. The screening of additives and
subsequent addition of sodium thiocyanate was a significant advance in the optimization
procedure, as the crystals, while plated and twinned, were purple. This meant the cobalt present
in the screen solution was likely incorporated into the crystal lattice and the phases could be
determined using single-wavelength anomalous diffraction (SAD). Cobalt, thiocyanate,
ammonium sulfate and protein concentrations were then optimized to produce large, single
hexagonal prisms that could be sent to the Canadian Light Source.
4.2.2: The Crystal Structure of M1-TS
The crystal structure of M1-TS was solved and refined to a high resolution of 1.3 Å. The
structure of the domain itself is overall very similar to the structure of RbcS and the putative
RbcL binding face is conserved, which suggests that the interaction with Rubisco likely occurs
via competition for the RbcS binding site. Data in the literature indicate that the CccM-Rubisco
complex has a stoichiometry of RbcL8S4M4, suggesting that RbcS is displaced upon binding of
the CcmM domains (51). Given that the βA-βB loop in RbcS is essential for the catalytic ability
of Rubisco (73), it may be that CcmM cannot wholly displace RbcS, though there is no data in
the literature to implicate CcmM involvement in Rubisco activity. It seems unlikely that in the
process of making carbon fixation in the cell a more efficient process by sequestering Rubisco
into carboxysomes, the displacement of RbcS by CcmM would compromise catalytic ability.
Additionally, it is still unclear whether the CcmM-Rubisco complex reorganizes upon
carboxysome formation. However, the βA-βB loop regions in SS1 and RbcS are similar in
length, despite the organization of an α-helix into the SS1 loop. If the CcmM-SS1 domain takes
the place of RbcS upon its displacement, then perhaps the similarity in βA-βB loop length allows
Rubisco to remain structurally stable and catalytically efficient in the absence of RbcS. In order
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to fully test this, RbcS would have to be removed from the system via cloning it out of the
rbcLXS operon, saturating the RbcL8 octamer with SS1, and assessing the activity of Rubisco
using a carboxylase assay as a function of CcmM concentration.
The similarities between the structure of M1-TS and the predicted structure generated
using Rosetta helps validate GREMLIN as a useful tool in predicting the three-dimensional
structure of a small protein. Recently GREMLIN had been used to predict structural models for
58 prokaryotic protein families, providing structural information for over 400,000 proteins (95).
Additionally, GREMLIN is capable of examining the co-evolution of residues from proteins that
interact, to predict where contacts are made at the protein:protein interface. A study that used
GREMLIN to predict residue pairs between two subunits in complex across 29 protein
complexes with known structures was able to predict contacts for an additional 36 protein
complexes with unknown structures (93). With more sequences, GREMLIN coupled with
Rosetta docking could be used in this case to explore the contact pairs between RbcL and SS1 to
predict the nature of the interaction. With the information of how SS1 binds to RbcL together
with estimations of the distance between CcmM C-terminal domains now that the main structural
domain of SS1 has been elucidated with the crystal structure of M1-TS, further computational
analysis might predict the structure of the paracrystalline array of CcmM-tethered Rubisco.
4.3: Biophysical Characterization of the CcmM-Rubisco Complex
4.3.1: FRET and SPR as a means to investigate binding affinity
FRET was used to explore the nature of the CcmM-Rubisco complex, specifically to
determine the stoichiometry of Rubisco and CcmM subunits. The experiment was designed to
observe interactions between the acceptor-labelled and the with donor-labelled SS1 cysteine
variant Q16C. Q16C was chosen as the donor protein due to the single cysteine labelling site that
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was engineered through site-directed mutagenesis. Conceptually, it would have been simpler to
label Rubisco with the donor molecule and keep the concentration constant while titrating
increasing concentrations of acceptor-labelled Q16C, but the data may have been more difficult
to interpret due to the multiple labelling sites on Rubisco, resulting in nonlinear effects from
multiple CcmM binding events on the same RbcL8S8 molecule. As a result, the concentration of
donor-labelled Q16C was kept constant at 8 µM while RbcLS heterodimers were titrated in from
8 µM to 64 µM.
The use of a micromolar concentration range makes it possible to discern details
regarding binding affinities and stoichiometry of the complex. If there is a strong interaction
between a Rubisco RbcLS binding site and Q16C, such that the KD is significantly lower than
the concentration of Q16C, then energy transfer would be directly proportional to Rubisco
concentration until the binding sites saturate, after which no more increase in energy transfer
would be possible. The concentration at which the signal departs from linearity is the saturating
concentration and the stoichiometry of the complex can be determined directly. By contrast, if
the KD of the interaction is higher than the concentration of Q16C, then the increasing energy
transfer resulting from additional Rubisco added to Q16C would reflect the affinity, and the KD
can be determined by fitting the data to a hyperbolic curve.
The increase of energy transfer as a function of Rubisco concentration fit well to a
hyperbolic curve, which was then used to calculate a KD for the interaction. The KD for this
interaction under FRET conditions is about 64 µM, consistent with relatively weak binding that
preclude the stoichiometry of the complex from being determined in this experiment. Repeating
the experiment at higher concentrations of Q16C would be above the linear range of the
instrument. In principal, additional unlabeled SS1 could be added to increase the total
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concentration, but this depends on the two variants having similar affinity.
Surface Plasmon Resonance (SPR) was employed to observe in real-time the association
and dissociation of the CcmM-Rubisco complex and gain insight into the binding kinetics. In the
SPR experiments the concentration of SS1 again remains constant while excess Rubisco is
added. The same convention of treating RbcLS heterodimers as separate binding partners to SS1
was followed, and a final KD of 2.1 µM was calculated, about 30 times stronger than FRET
experiments.
Interestingly, there seemed to be no correlation between Rubisco concentration and a
shift in the wavelength that is typical in these types of experiments, where an increase in the
analyte translates to an increase in wavelength shift. Furthermore, the sensorgram curves
produced by the experiments do not adhere to traditional SPR ligand-analyte curve conventions
for an enzyme and its substrate or simple monomeric protein interactions. Notably, there is a
negative wavelength shift relative to the baseline SS1 signal upon introduction of Rubisco, and
the increase in wavelength corresponding to the association phase is shallow and staggered,
suggesting multiple association events.
The ‘dip’ in wavelength is interesting because it suggests there is a change on the surface
of the chip that translates to what is essentially ‘less’ SS1 that is difficult to explain. Had Rubisco
been the immobilized ligand, this negative wavelength shift could be attributed to a dissociating
RbcS subunit before the formation of the complex. Given the complexity of this system, and how
SPR is traditionally used to investigate protein-ligand interactions, the SPR results reported in
this thesis should be considered preliminary while the experimental design is modified to ensure
interactions are truly 1:1.
The marked discrepancy between binding measured by the two experiments may be due
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to FRET experiments involving the covalent addition of a large fluorescent molecule on both
proteins. It is possible that the fluorophores perturb the binding interaction, or stabilize the RbcSRbcL complex preferentially – for example, Cys96 of RbcS is solvent exposed and sits close to a
non-polar pocket of RbcL. It is possible that the hydrophobic aromatic group of the IAEDANS
fluorophore favorably binds this hydrophobic pocket and binds RbcS more strongly to this
position, making CcmM binding less favorable.
SPR experiments also determined the koff of the Rubisco-SS1 interaction to be 1.48x10-3
s-1 and that it takes approximately 11 minutes for SS1 to dissociate from a Rubisco RbcLS
binding site. Using a kymograph, it was observed that the average time between the appearance
of Rubisco and detectable shell protein in carboxysome biogenesis is approximately 4.7 hours,
with shell localization occurring about 8 hours following initial Rubisco aggregation (103).
Therefore, within the timeframe of carboxysome assembly, one CcmM small subunit can partake
in approximately 40 different binding events prior to shell localization allowing the carboxysome
interior to undergo reorganization events. Time-lapse fluorescence microscopy and TEM
experiments also showed 100 budding events over 10 hours (34). The CcmM interaction kinetics
may be a compromise between stability and ability to reorganize as needed. The ability for
CcmM to slowly associate and dissociate with multiple Rubisco enzymes could be a necessary
feature for these budding events to occur. It is also possible that carboxysome biogenesis is
limited by this dissociation rate, and the time it takes for a procarboxysome to form could be
potentially reduced if the process of organization of Rubisco and reorganization of CcmM could
be accelerated.
4.3.2: Native Mass Spectrometry
Through a collaborative effort with Dr. John Klassen and Elena Kitova at the University
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of Alberta, native mass spectrometry using electrospray ionization was used to further probe the
binding stoichiometry of the CcmM C-terminal domains to Rubisco in a non-volatile, nondenaturing environment. Native mass spectrometry is a useful method to investigate this for
several reasons. The first is that ESI-MS does not require any labelling by fluorophores that may
be detrimental to the stability and solubility of the proteins being investigated. Secondly, there
are not any inherent characteristics of the proteins that could prevent one or the other from
remaining constant in the reaction. With ESI-MS, Rubisco was kept constant and SS1 was added
in increasing amounts. Thirdly, ESI-MS can detect protein species anywhere from 10 kDa to 1
MDa, meaning that in one experiment it is theoretically possible to determine the number of
CcmM domains that can bind to Rubisco and determine if RbcS is displaced from the
holoenzyme by detecting free RbcS at the same time.
The current ESI-MS results obtained are preliminary, as certain aspects of the experiment
still need to be optimized. Nevertheless, species corresponding to up to six SS1 domains clearly
were observed in complex with Rubisco. Interestingly, it appears that in order to observe two
SS1 domains bound to Rubisco, a 20-fold molar excess of SS1 to Rubisco is required, and
similarly a 40-fold excess to definitively observe four SS1 domains bound. The diminishing of
the Rubisco signal is a result of the Rubisco peaks being “diluted” by the higher m/z species
corresponding to SS1-Rubisco complexes, making observing higher order complexes difficult. It
is possible that increasing the concentration of Rubisco in these experiments will allow larger
complexes to be detected. Additionally, lone RbcS was not detected in any of the SS1-Rubisco
interaction experiments, suggesting that RbcS is not displaced upon binding of SS1 and that all
Rubisco-CcmM complexes had RbcS8 bound. The relative sizes of SS1 and RbcS are fairly
similar (~12 kDa and ~14 kDa respectively) but all ion peaks around 1000-2000 m/z correspond
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exactly to SS1 and not of a higher molecular weight species.
This finding contradicts the estimates by Long et al. (51) that the binding stoichiometry
of RbcL, RbcS and CcmM is RbcL8S4M4 as there is no observed free RbcS and up to 6 SS1
domains were observed to bind Rubisco. In their experiments, 1 M urea was used during IMAC
binding to dissociate carboxysomal shell proteins so that interactions between internal proteins
may be observed. While it was sufficient in dissociating shell proteins, it was never investigated
whether or not the urea had an effect on RbcS binding to RbcL and that that may have been the
cause for the lack of RbcS complementation to the RbcL8 core. While in vivo pull-down
experiments may suggest that the in vivo stoichiometry of RbcL and CcmM is L8M4, ESI-MS
suggests that CcmM can bind independently of RbcS release.
4.3.3: A potential model for CcmM and Rubisco complex association
The structure of M1-TS, in addition to the conservation of residues at the potential RbcL
binding surface of CcmM, suggests that its similar structure to RbcS allows it to bind to the same
pocket, implying that the displacement of RbcS is a necessary event for CcmM to bind.
However, the available evidence from ESI-MS experiments suggest that RbcS is not fully
displaced, as no free RbcS was observed on the spectra and all eight RbcS molecules remained
associated with the complex. As observed in the superposition of the M1-TS structure with the
structure for RbcS, RbcS possess a significantly longer N-terminal loop region than M1-TS and
makes contacts all along the inner-facing surface of RbcL. It is possible that this extended loop
region of RbcS allows the body of the domain to dissociate from RbcL, but remain tethered by
these N-terminal loop contacts, making the binding surface available for CcmM. The conserved
region on the C-terminus of SS1 may make contacts with the N-terminal loop of RbcS to provide
more stability in keeping RbcS associated with RbcL. Furthermore, this implies that the
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displacement of RbcS by CcmM is energetically favorable – a statement that can be corroborated
by the micromolar dissociation constants from both FRET and SPR.
The key to the ability of CcmM to partially displace RbcS may be in the conserved
arginine-rich α2 helix of SS1. The structure of M1-TS shows higher B-factors and weak electron
density in this region, suggesting that it is relatively mobile. Additionally, the high
electropositivity of this region could complement the negatively charged pore of the RbcL8 core.
However, superposing M1-TS onto Rubisco show that the arginines in the α2 helix do not
interact with the glutamate residues in the core due to its helical structure. CcmM may possibly
make more favorable interactions with RbcL by unfolding and extending this helix upon binding,
allowing the Arg29, Arg30 and Arg32 residues to extend further into the core, making hydrogen
bonds and having favorable electrostatic interactions with the core residues. As a result, RbcS is
displaced so that CcmM can bind, but its mode of interaction after CcmM binding is still unclear.
It is possible that RbcS binds to a secondary surface of RbcL which would be possible by
rotating around its tethered N-terminus. The discrepancies in KD from FRET and SPR
experiments can be further rationalized by the presence of a secondary binding site, as steric
hindrances resulting from fluorophore labelling may prevent RbcS from making favorable
contacts with this secondary site.
The structure of M1-TS also provides us with clear boundaries for the main structural
domain indicating where the preceding and following loop regions that connect SS1 to the Nterminal domain of CcmM and the next domain in the chain, respectively. Using the structure of
M1-TS to set a definitive start point for the loop that connects SS1 to the next domain and
approximating the beginning of the first α-helix to determine loop length, the maximum distance
between two tethered Rubisco holoenzymes can be estimated. Knowing that residues in β-sheets
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have extended conformations with an axial distance between two residues of about 3.5 Å, an
assumption can be made about the distance between disordered loop amino acids to be the same.
Therefore, if we approximate the loop length to be 25 residues long (Q85 of SS1 to V7 of SS2),
then distance between two tethered Rubisco molecules at full loop extension is 87.5 Å. This may
allow CcmM to organize Rubisco in the early stages of procarboxysome formation by binding
Rubisco over larger distances and then bringing them together in close proximity to form the
paracrystalline array.
4.4: Conclusions
The crystal structure of M1-TS reported in this thesis is the first known crystal structure
of a CcmM C-terminal domain subunit. The remarkable similarity in structure to RbcS suggests
that it makes the same binding contacts to RbcL as RbcS and, in the event of displacement, may
be able to maintain holoenzyme stability and catalytic efficiency. Pull-down experiments with
SS1-2 and SS1-4 constructs show that Rubisco can make stable and lasting interactions with
longer CcmM C-terminal sub domains, though the nature of these interactions will likely have to
be modelled computationally or determined by cryo-EM. FRET and SPR show that the binding
of CcmM to Rubisco is stable at a micromolar level. Native mass spectrometry experiments
indicate that at least six SS1 domains can bind to Rubisco, and that binding of SS1 does not fully
displace RbcS. Structural analysis and comparisons between M1-TS and RbcS suggest that the
arginine-rich helix in the β1-β2 loop may be able to make more favorable contacts with the
RbcL8 core by uncoiling upon binding.
4.5: Future Work
There are still several avenues regarding the CcmM-Rubisco complex to explore. Current
aspects that are a “work-in-progress” include investigations into the complex using native mass
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spectrometry. The current ESI-MS experiments have shown that at least six CcmM-SS1 domains
can interact with Rubisco before the mass spectrum signal is repressed. Optimizing the
experiment to see the limit of the number of SS1 domains that can bind to Rubisco would
provide information the FRET experiments were designed to obtain. Additionally, the interaction
assays with SS1-2 and SS1-4 would provide insight into a larger crosslinked complex in vivo that
could be useful in attempts to model the paracrystalline array by crystallography or cryo-electron
microscopy. Furthermore, experiments with SS1-2 could provide a definitive standpoint on
whether or not RbcS is displaced by the CcmM domains by opening up the lower end of the
mass-to-charge ratio axis of the data output.
Another current work-in-progress is the crystallography of the CcmM-Rubisco complex.
Crystals that have formed in preliminary screens appear to contain Rubisco and M1-TS, several
of which are already large and single. Optimization of these conditions could yield better
diffraction quality crystals that can be sent to the Canadian Light Source for X-ray diffraction.
The crystals form when there is almost a 100x molar ratio of M1-TS to Rubisco, so if M1-TS is
incorporated into the crystal lattice, then the x-ray structure should show a saturated complex and
the nature of the movement of RbcS and potential tethering to allow CcmM to bind.
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Appendix
Buffers:
Nickel Buffer A:
20 mM Tris-HCl pH 8.0
500 mM NaCl
Nickel Buffer B:
20 mM Tris-HCl pH 8.0
500 mM NaCl
500 mM imidazole
Cation Exchange Buffer A:
20 mM MES pH 5.5
Cation Exchange Buffer B:
20 mM MES pH 5.5
1 M NaCl
Rubisco Buffer A:
50 mM Tris-HCl pH 7.6
1 mM EDTA
20 mM β-mercaptoethanol
10 mM MgSO4
10 mM NaHCO3
Rubisco Buffer B:
50 mM Tris-HCl pH 7.6
1 mM EDTA
20 mM β-mercaptoethanol
10 mM MgSO4
10 mM NaHCO3
1 M NaCl
Crystal Buffer:
20 mM Tris-HCl pH 8.0
150 mM NaCl
FRET Buffer:
20 mM Tris-HCl pH 7.6
150 mM NaCl
10% Glycerol
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M1-TS Hit Condition:
100 mM MES pH 6.5
1.8 M Ammonium Sulfate
10 mM CoCl2
200 mM NaSCN
Media:
Luria Broth
10 g Tryptone
5 g Yeast extract
10 g NaCl
Dissolve in 1 L H2O
2YT
16 g Tryptone
10 g Yeast Extract
5 g NaCl
Dissolve in 1 L H2O
Gel Composition:
6% Stacking
5.8 mL ddH2O
1.5 mL 40% Acrylamide
2.5 mL 0.5 M Tris pH 6.8
100 µL 10% SDS
100 µL 10% APS
10 µL TEMED
15% Separating
5.7 ml ddH2O
6 mL 40% Acrylamide
4 mL 1.5 M Tris pH 8.8
160 µL 10% SDS
160 µL 10% APS
16 µL TEMED
18% Separating
4.5 ml ddH2O
7.2 mL 40% Acrylamide
4 mL 1.5 M Tris pH 8.8
160 µL 10% SDS
160 µL 10% APS
16 µL TEMED
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Reagents:
Ninhydrin:
200 mg ninhydrin
7.5 mL ethylene glycol
2.5 mL 4 M Na-Acetate pH 5.5
250 µL 100 mg SnCl2/mL ethylene glycol
2X SDS Loading Dye:
100 mM Tris-HCl pH 6.8
4% (w/v) SDS
0.2% (w/v) bromophenol blue
20% (v/v) glycerol
200 mM b-mercaptoethanol
Coomassie Brilliant Blue Stain
500 mL Methanol
100 mL Glacial acetic acid
400 mL ddH2O
1 g Coomassie Brilliant Blue
Destain
400 mL Methanol
100 mL Glacial acetic acid
500 mL ddH2O
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Figures:

Figure A.1: Electrostatic surface representation of the RbcL8 core. Aerial view of a surface
representation of the RbcL8 core showing electrostatics. Notable, the residues that line the central
pore are electronegative, composed primarily of glutamate residues.
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