INVESTIGATING THE INTERACTIONS THAT GOVERN THE
ARCHITECTURE OF THE CARBOXYSOMAL SHELL

A Thesis
Presented to
The Faculty of Graduate Studies
of
The University of Guelph

by
BOZENA SAMBORSKA

In partial fulfilment of requirements
for the degree of
Master of Science
August, 2010

© Bozena Samborska, 2010

1*1

Library and Archives
Canada

Bibliotheque et
Archives Canada

Published Heritage
Branch

Direction du
Patrimoine de I'edition

395 Wellington Street
OttawaONK1A0N4
Canada

395, rue Wellington
OttawaONK1A0N4
Canada
Your file Votre reference
ISBN: 978-0-494-82820-5
Our file Notre reference
ISBN: 978-0-494-82820-5

NOTICE:

AVIS:

The author has granted a nonexclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or noncommercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur a accorde une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par telecommunication ou par I'lnternet, preter,
distribuer et vendre des theses partout dans le
monde, a des fins commerciales ou autres, sur
support microforme, papier, electronique et/ou
autres formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author's permission.

L'auteur conserve la propriete du droit d'auteur
et des droits moraux qui protege cette these. Ni
la these ni des extraits substantiels de celle-ci
ne doivent etre imprimes ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

Conformement a la loi canadienne sur la
protection de la vie privee, quelques
formulaires secondaires ont ete enleves de
cette these.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Bien que ces formulaires aient inclus dans
la pagination, il n'y aura aucun contenu
manquant.

1*1

Canada

ABSTRACT

INVESTIGATING THE INTERACTIONS THAT GOVERN THE
ARCHITECTURE OF THE CARBOXYSOMAL SHELL

Bozena Samborska
University of Guelph, 2010

Advisor:
Dr. Matthew Kimber

Photosynthetic cyanobacteria optimize carbon fixation by enhancing the
enzymatic activity of Rubisco through its co-encapsulation with carbonic anhydrase (CA)
in proteinaceous organelle-like microcompartments called carboxysomes. Carboxysomes
are large icosahedral particles that are composed of a thin outer protein shell, consisting
exclusively of thousands of protein copies that collectively form this shell. The major
components, CcmKl, CcmK2, and CcmK4, form hexagonal hexamers and further tile
into a gapless sheet to form the facets of the shell, while pentameric CcmL occupies the
vertices. To date, the interactions between the shell proteins have not been investigated
biochemically. A FRET based method was developed to investigate interactions
governing carboxysomal shell architecture. The shell proteins (CcmK( 1,2,4)) interact
interchangeably with one another, as well as with CcmL. Furthermore, CcmK2
assembles as a distinct dodecamer, and is proposed to form a double-layered shell
subdomain. Additionally, the sidedness of the shell is investigated from shell-interior
interaction data.
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CHAPTER 1: INTRODUCTION

1.1. Cyanobacteria
1.1.1. Atmospheric role and carbon fixation
Cyanobacteria (formerly known as blue-green algae) are photosynthetic oxygen (O2)
producing bacteria that are among the oldest detectable life forms in the fossil record,
first appearing more than three billion years ago. Modern cyanobacteria are nearly
ubiquitous, inhabiting a huge diversity of environments, including extremes of
temperature and acidity, as well as marine, freshwater, soil and lithic environments
(Badger et al., 2006). A subset of cyanobacteria can fix nitrogen as well as carbon,
making them valued symbionts with a variety of organisms including fungi (in lichens)
mosses, cycads, ferns and sponges (Flores and Herrero, 2010; Venn et al., 2008). Marine
cyanobacteria, especially, are extraordinarily abundant, being the primary autotrophic
organisms in much of the ocean, and are major contributors to the global carbon and
nitrogen cycles (Arrigo, 2005). The chloroplasts of plants also originated from a
cyanobacterium, through an endosymbiotic event (Raven and Allen, 2003). By fixing
inorganic carbon and generating oxygen, cyanobacteria originated the high oxygen/low
CO2 atmosphere that allowed metazoan organisms to evolve, and, as they are responsible
for about 35% of total planetary photosynthesis, continue to play a major role in
maintaining this atmosphere today (Overmann and Garcia-Pichel, 2006).
Cyanobacteria fix atmospheric carbon through the Calvin cycle. This results in the
production of carbohydrate molecules which are used in growth and metabolism. The
enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) catalyzes the crucial
first step of carbon fixation in the Calvin cycle, the carboxylation of ribulose 1,51

bisphosphate to produce two molecules of 3-phosphoglycerate (Shively et al., 1998;
Yeates et al., 2008). Due to the large quantities of enzyme needed to overcome its
extreme catalytic inefficiency, it is the most abundant enzyme on earth (Andersson,
2008). Note that CO2 is the only form of inorganic carbon that can be used by Rubisco as
a substrate for carboxylation.

The 3-phosphoglycerate is primarily used to produce

sugars but can also be shunted into pathways for the production of other complex
molecules, including amino acids and lipids; these products can be used to construct
cellular components, or can be used as an energy store for later catabolic reactions.
In addition to its carboxylase activity, Rubisco also has an oxygenase activity, where
molecular oxygen (O2) acts as a competing substrate. This reaction results in a
phosphoglycolate product that needs to be recycled into ribulose 1,5 bisphosphate with a
net expenditure of energy. This process, termed photorespiration, is wasteful and its
presence decreases the overall efficiency of the enzyme by as much as 50% (Andersson,
2008).
1.1.2. Carbon concentrating mechanism for efficient carbon fixation
Cyanobacteria utilize a set of adaptations, collectively known as the carbon
concentrating mechanism (CCM) in order to maximize the efficiency of carbon fixation
by Rubisco (Figure 1). The CCM can be divided into two major components; the first is
a set of membrane localized pumps that actively uptake dissolved HCO3" and CO2 into the
cell (for a detailed review see (Price et al., 2008)).

The second component is the

cytosolic bodies known as carboxysomes. Carboxysomes are icosahedral in shape, and
are found in all cyanobacteria (with one recently discovered exception (Moisander et al.,
2010; Tripp et al., 2010) and many chemoautotrophic bacteria. They were first observed
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Figure 1. Schematic depiction of the cellular machinery involved in cyanobacterial
carbon fixation.
The carbon concentrating mechanism (CCM) is composed of two components - the
membrane embedded inorganic carbon pumps, and the carboxysome. Bicarbonate is
accumulated in the cytosol using transporters that utilize either bicarbonate or carbon
dioxide as a substrate, and either ATP or NADH as an energy source. Uptake is lightdependent. The conversion of bicarbonate to carbon dioxide in the cytosol is uncatalyzed
and relatively slow, impeding the loss of inorganic carbon that arises because of the
permeability of membrane to this neutral species. The second component of the CCM is
the carboxysome, a proteinaceous microcompartment which encapsulates both carbonic
anhydrase and Rubisco, and creates a microenvironment optimized for efficient carbon
fixation. The outer layer is composed of a few proteins present in several thousand
copies. These collectively make an icosahedral shell that contains pores. The conversion
of bicarbonate to carbon dioxide is catalyzed by the encapsulated carbonic anhydrase and
in this way provides a locally increased concentration of the substrate for Rubisco to
utilize. Rubisco produces two molecules of 3-phosphoglycerate which are exported back
to the cytosol through the protein shell, where the rest of the enzymes in the Calvin cycle
are located.

3

as polyhedral bodies about 50 years ago, and were later (in 1973) isolated and termed
carboxysomes, due to do their ability to sequester Rubisco (Shively et al., 1973a).
Carboxysomes range from 80 - 200 nm in diameter, depending on the species from which
they are isolated (Yeates et al., 2010). The outer shell is estimated to be 2-4 nm in
thickness, and is composed exclusively of proteins (i.e. no lipid component); thousands
of individual copies of these proteins are required to interact to make up the shell (lancu
et al., 2007; Kerfeld et al., 2005; Schmid et al., 2006).
Carboxysomes have been found to sequester Rubisco along with a carbonic
anhydrase (CA) (Heinhorst et al., 2006; Price and Badger, 1989; Shively et al., 1973a).
CA promotes the conversion of bicarbonate to carbon dioxide, which in turn can be used
in the carboxylation reaction by Rubisco. These two enzymes therefore function in
concert to facilitate efficient carbon fixation from the locally increased concentration of
the substrate (Price and Badger, 1989; Price et al., 1998). The role of the carboxysomal
shell has been proposed to act as a diffusive barrier in preventing the escape of CO2 and
entry of O2, and also acts as a conduit for transport of select metabolites (Dou et al.,
2008; Kerfeld et al., 2005; Price et al., 2008; Yeates et al., 2007). The disruption of the
csoS3 gene coding for the carbonic anhydrase CsoSCA in a-carboxysomes results in
mutant carboxysomes which require a high CO2 concentration to maintain WT growth.
In this experiment, the importance of the co-encapsulation of carbonic anhydrase with
Rubisco in purified carboxysomes is demonstrated by the inability of exogenous carbonic
anhydrase to recover WT Rubisco kinetics in the absence of endogenous CA. Also,
disruption of these carboxysomes by a freeze/thaw cycle in order to release Rubisco
restores its enzymatic activity (Dou et al., 2008). In a different experiment, CsoSCA
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activity in intact carboxysomes appears lower when compared with samples containing
ruptured carboxysomes, and suggests that the shell acts as a diffusive barrier for
bicarbonate and/or CO2 (Heinhorst et al., 2006). Additionally, the shell is hypothesized
to provide an oxidative microenvironment which activates the enzymatic activity of the
internalized y-carbonic anhydrase, CcmM, in some (3-cyanobacteria (Pena et al., 2010).
1.1.3. Microcompartments in heterotrophic bacteria
Microcompartmentalization is also utilized by bacteria in pathways other than carbon
fixation.

Other 'metabolosomes' have been discovered which share compositional,

structural, and mechanistic similarities with carboxysomes.

Microcompartments in

Salmonella enterica and Escherichia coli have been found to sequester the enzymes
necessary to metabolize propanediol and ethanolamine (Crowley et al., 2008; Tanaka et
al., 2010; Yeates et al., 2008). Other microcompartments have been discovered through
bioinformatical analysis of gene clusters sharing characteristics common to carboxysomal
shell proteins (see Section 1.2.1), and are involved in the metabolism of various
molecules, such as ethanol (Yeates et al., 2010). There are likely multiple advantages to
building a microcompartment in these cases. Analogous to carboxysomes, sequestering
enzymes from a pathway could enhance enzymatic efficiency through substrate
channelling. Also, since both of these pathways produce toxic and volatile aldehyde
intermediates, the microcompartment likely protects the cell, while simultaneously
preventing reaction intermediates from escaping through cellular membranes. It has also
been proposed that the interior of the metabolosomes may function to provide altered
conditions not present in the cytosol of the cell, which allow more efficient substrate
turnover (Penrod and Roth, 2006). The proposed oxidizing environment in the interior of
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the carboxysome (which allows encapsulation and specific activation of the y-carbonic
anhydrase, CcmM) is an example of such an emergent property (Pena et al., 2010).

1.2. Carboxysomes
1.2.1. Carboxysome features, gene organization, and protein components
There are two classes of carboxysomes, a and (3, which were originally distinguished
based on the form of Rubisco they contain, Form 1A or IB, respectively (Yeates et al.,
2008). Further work has shown that there are several proteins that are specific to one
carboxysome variety or the other, while the shared components are deeply divergent
(Yeates et al., 2008). The protein shell is composed mainly of several small polypeptides
approximately 10-12 kDa in size. For (3-type carboxysomes, the ccmK genes, namely
four paralogs of ccmK numbered 1 -4, and the related ccmO gene encode protein products
for the shell (Ludwig et al., 2000; Price et al., 1993). An additional component is encoded
by the unrelated ccmL. In a-carboxysomes, a set of genes that encode homologous, but
not closely related proteins produce a similar protein outer shell.

These genes are

encoded by the cso genes csoSl (A-C) (ccmK homologs) and csoS4A and csoS4B (ccmL
homologs) (Cai et al., 2008). The a-carboxysomes also contain csoSCA

(formerly

csoS3) which encodes a deeply divergent (3-carbonic anhydrase, and csoS2, which
encodes a protein of unknown function (Cannon et al., 2009; Heinhorst et al., 2006;
Sawaya et al., 2006; Yeates et al., 2008). Additional components for (3-carboxysomes are
encoded by ccmM, ccmN and ccaA.
a-carboxysome containing organisms, including Halothiobacillus neapolitanus,
organize their carboxysomal genes in a single operon that includes the Rubisco large and
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small subunits (cbbL, cbbS), the shell proteins (csoSIA, csoSIB, csoSIC, or/A, orjB,
csoS2), and shell associated carbonic anhydrase (csoS3) (Figure 2) (Cai et al., 2008;
Cannon et al., 2003). Operon linked genes can be postulated to produce protein products
that are regulated together to produce relative molecular ratios of proteins (Schmid et al.,
2006).

Organisms containing P-carboxysomes have most of their genes in a single

operon, but with additional genes located elsewhere in their genome (Figure 2) (Cannon
et al., 2009; Price et al., 1993). Thermosynechococcus elongatus BP-1 organizes its
carboxysomal genes ccmKl, ccmK2, ccmL ccmM, ccmN and ccmO, in one operon.
Rubisco small and large subunits, encoded by rbcS and rbcL are in a separate operon, as
are (separately) ccmK3 and ccmK4. CcmK3 and CcmK4 are the most divergent of the
CcmK paralogs and may provide a distinct functional role in the P-carboxysome, which
could be under different regulation compared to the other components.

In p~

carboxysomes, the different mode of gene organization may lead to functional differences
in carboxysomal assembly that may not be shared between the two types of
carboxysomes, despite their similarities in ultrastructural organization. To date, there is
little direct biochemical data describing the functioning of (3-carboxysomes, so it is
unknown whether there are functional differences distinguishing the two types.
The number of ccmK and homologous csoSl gene copies varies between species in
both a and P-carboxysomes. The varied number of ccmK gene copies in P-carboxysomes
adds a further layer of complexity regarding the functional and/or structural differences
between the protein products. In Thermosynechococcus elongatus BP-1, the ccmKl and
ccmK2 genes are located in tandem in an operon, whereas the ccmK3 and ccmK4 genes
are located elsewhere in the genome. CcmKl and CcmK2 share 93% sequence identity,
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Figure 2. Carboxysomal gene organization from various organisms.
Single operons a-carboxysome containing Hctlothiobcicillus neapolitanus and
Prochlorococcus marinus are shown, as well as (3-carboxysome gene organization from
Synechocystis sp. PCC 6803 and Synechococcus sp. PCC 7942. Genes in the same
operon or location in the genome are connected by lines (adapted from Cannon et al,
2009).
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with CcmKl containing a C-terminal 11 residue extension compared to the sequence of
CcmK2. CcmK3 and CcmK4, on the other hand, are divergent in sequence, sharing only
50% sequence identity with CcmK2. The high degree of similarity between ccmKl and
ccmK2, and the presence of only one such gene copy (ccmK2) in organisms such as
Synechococcus sp. PCC7942, may suggest that ccmKl is a gene copy which likely arose
from a gene duplication event (Price et al., 1993).
The shell proteins CcmK(l-4) and CcmO (CsoSl(A-C) in a-carboxysomes) are
members of the bacterial microcompartment (BMC) family of proteins, which all contain
a conserved BMC domain common to shell proteins. The BMC family is characterized
by a conserved 84 amino acid domain (Bateman et al., 2004; Yeates et al., 2008). In
addition to carboxysomal shell proteins, the BMC family also encompasses the shell
proteins involved in ethanolamine and propanediol utilization metabolosomes, among
others (Crowley et al., 2008; Forouhar et al., 2007; Yeates et al., 2010). The majority of
CcmK shell proteins in 7eBP-l contain one BMC domain, whereas CcmO contains two
BMC motifs in tandem, as well as a C-terminal domain that appears to have an amino
acid composition typical of an unstructured protein region.
Studies investigating the biological roles of the various gene constituents and their
protein products give a basic framework for understanding the components, structure and
function of the carboxysome. Gene knockout studies have assisted in determining the
functional role and structural contributions of the individual proteins.

A high CO2

requiring phenotype (i.e. need 5% CO2 air to grow) resulting from the inactivation of a
gene are the criteria used to establish which proteins are involved in the CCM,
identifying the associated gene products necessary for carboxysome function.
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For

example, when the ccmM gene is deleted from Synechococcus sp. PCC7002 a high CO2
phenotype is observed (Ludwig et al., 2000), which demonstrates that the product of the
knockout is essential for carboxysome function.
Structural and functional roles for the gene products of ccmL, ccmM and ccmN were
established by employing the gene knockout approach, leading to either abnormal
carboxysome morphology or a complete absence of carboxysomes, in either case with
compromised function. ccmN is required for carboxysome function but its specific role is
unknown (Price et al., 1993; Yeates et al., 2008). Abnormal rod-shaped carboxysomes
were observed resulting from the inactivation of ccmL, whereas the joint deletion of
ccmL, ccmM and ccmN genes completely abolished carboxysomes (Price et al., 1993).
The ccaA gene encodes a carboxysome targeted (3-carbonic anhydrase that is present in
many, but by no means all, (3-cyanobacteria (Cannon et al., 2009; Yeates et al., 2010).
The deletion of ccmM resulted in the absence of carboxysomes and the complete loss
of carboxysome function (Berry et al., 2005; Emlyn-Jones et al., 2006; Long et al.,
2007a; Ludwig et al., 2000). The protein product of ccmM therefore has been postulated
to be a crucial component of the carboxysome and is likely to be important for assembly.
The N-terminal region of CcmM is homologous to Methanosarcina thermophila ycarbonic anhydrase (Cannon et al., 2001; Cannon et al., 2009; Pena et al., 2010), but
CcmM from Synechocystis sp. PCC6803 and Synechococcus sp. PCC7942 lack CA
activity (Cot et al., 2008; So and Espie, 2005). Thermosynechococcus elongatus BP-1
lacks ccaA, and it was recently shown by our lab that, in this organism, CcmM is a
functional y-carbonic anhydrase (Pena et al., 2010). The structure of this domain shows a
left-handed (3-helix that contains a critical disulfide bond between residues Cysl94 and
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Cys200; formation of this disulfide bond results in structural rearrangements which
activate enzymatic activity (Pena et al., 2010). This N-terminal domain has been shown
to mediate multiple protein interactions with both the encapsulated proteins CcaA and
CcmN, as well as with CcmKl in the shell (Cot et al., 2008; Long et al., 2007b). The Cterminus of CcmM is comprised of three or four copies of a small subdomain that is
homologous to the small subunit of Rubisco, and strongly binds Rubisco (Long et al.,
2007b). CcmM is produced in two isoforms; the long form (M58) comprises the full
length protein, and the short form (M35) contains the C-terminal subdomains produced
from an internal ribosome entry site (Cot et al., 2008; Long et al., 2007b; Long et al.,
2010). Absence of either isoform results in aberrant carboxysome morphology, implying
that both the short and long forms of the protein are required for functional carboxysomes
(Long etal., 2010).
Synechocystis sp. PCC6803 is the primary model p-cyanobacterium for which the (3carboxysomal shell proteins have been studied. Thermosynechococcus elongatus BP-1 is
the cyanobacterium from which carboxysomal proteins are being investigated in this
work.

7eBP-l is a rod-shaped unicellular obligate photoautotrophic cyanobacterium

isolated from the Beppu hot springs in Japan.

This thermophilic organism has an

optimum growing temperature of 55°C and contains p-carboxysomes (Nakamura et al.,
2002).

Its thermophilic characteristics provide stable proteins useful for laboratory

manipulations. The Ccm-type P-carboxysomal proteins of TeBP-X have not been widely
studied.
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1.2.2. Electron microscopy investigations of the carboxysome
Carboxysomes were first isolated from Halothiobacillus neapolitanus (formerly
Thiobacillus neapolitanus) in 1973, paving the way for deeper investigations into the
overall structure and protein organization (Shively et al.,

1973b).

Electron

cryotomography permits the structural investigation of whole, intact carboxysomes
isolated from living organisms. Carboxysomes have also been studied in situ through
electron microscopy, allowing observations to be made of their general structural
characteristics, cellular distribution and biogenesis without the challenge of purifying
these fragile objects (Cannon et al., 2001; lancu et al., 2007; lancu et al., 2009; Kaneko et
al., 2006).
Electron cryotomography of purified a-carboxysomes has provided the best available
insights to date regarding the overall three dimensional structure of whole carboxysomes
(lancu et al., 2007; Schmid et al., 2006).

Tomographic reconstructions of

Halothiobacillus neapolitanus carboxysomes reveal a 4 nm thin icosahedral shell (an
icosahedron is a polyhedral structure composed of 20 equilateral triangular facets which
meet at 12 pentagonal vertices) encapsulating a homogeneously layered arrangement of
Rubisco (Figure 3) (Schmid et al., 2006). Using the same technique, Synechococcus
WH8102 carboxysomes also exhibited icosahedral geometry with a 4 nm shell thickness,
and Rubisco was found to be organized into layers beneath the shell (lancu et al., 2007).
Both studies found a-carboxysomes within a single organism to vary in size, ranging
from 88-137 nm in diameter, while always conforming to icosahedral geometry (Figure
3). The structure of (3-carboxysomes has not been studied by tomography and their
geometry is less certain; existing electron microscopy studies are consistent with a

12

Figure 3. Electron cryotomography reconstructions of carboxysomes.
Slices through electron cryotomography reconstructions of intact carboxysomes, from acyanobacteria Halothiobacillus neapolitanus (A, B). Carboxysomes from (3cyanobacteria Synechocystis sp. PCC6803 (C; 200 nm and 50 nm scale bars,
respectively), and Synechococcus sp. PCC7942 (D) (adapted from Schmid et ah, 2006;
Iancu et a/., 2009; Kerfeld et al., 2005; Kaneko et al, 2006).
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polyhedral shape at least broadly similar to that described for a-carboxysomes by lancu et
al. (2007) and Schmid et al. (2006) (Kaneko et al., 2006; Kerfeld et al., 2005).
Transmission electron microscopy studies of Synechococcus sp. PCC7942 gave estimates
of the (3-carboxysomal shell being 5 - 6 nm thick, with an interior packed arrangement of
Rubisco (Figure 3) (Kaneko et al., 2006).
1.2.3. Structural studies of CcmK* and related shell proteins
Ultrastructural investigations of carboxysome morphology have, to date, been of
modest resolution, and give limited information regarding the organization of the protein
shell. Detailed structures of several individual shell proteins from both a- and 0carboxysomes (as well as various microcompartments) have been determined by x-ray
crystallography (Kerfeld et al., 2005; Tanaka et al., 2008; Tanaka et al., 2009). The
unusual packing interactions seen in many of these crystals have been interpreted to
provide a model of how the shell may be organized as a continuous, two-dimensional
monolayer of protein. The structures of the major components of the (3-carboxysomal
shell - CcmKl, CcmK2 and CcmK4 - show a conserved a/(3 protein fold, typical of the
BMC family of microcompartment shell proteins (Kerfeld et al., 2005; Tanaka et al.,
2009). Six protomers of each protein assemble into a hexamer, 64 A in diameter and
containing a central pore; these hexamers have a hexagonal outline, and further tile into
gapless sheets of protein (Figure 4).

Multiple crystal structures support the idea that

these shell proteins tile into a monolayer of protein; these layers are argued to be edgeless
analogs of the flat triangular facets of the icosahedron. Details of this packing vary from
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Figure 4. Carboxysomal CcmK protein organization.
Carboxysomal shell CcmK* protein organization, exemplified using CcmK2 from
Synechocystis sp. PCC6803 (PDB ID 2A1B). Protomer structure of the CcmK2 (A), and
the hexagonal hexameric oligomer with a diameter of 64 A and an edge length of 40 A
(B). Hexamers further tile into flat, gapless sheets (C) and are proposed to form the
protein monolayer facets of the icosahedral shell.
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structure to structure, however, even for the same protein (Kerfeld et al., 2005; Tanaka et
al., 2009).

Examination of the structures reveals that each protein hexamer is

approximately 2 - 3 nm thick, and the tiling arrangement of individual proteins results in
a protein monolayer shell (Kerfeld et al., 2005).
The hexagonal lattice packing of shell protein paralogs CcmKl, CcmK2, and
CcmK4 is also supported by analysis of 2D crystals. When C-His6 tagged protein variants
are incubated with, and bind to, a nickel coated lipid monolayer, the individual proteins
spontaneously assemble into hexagonal sheets (Dryden et al., 2009). Subtle differences
between the proteins and their different packing behaviours suggest that that each shell
protein may have the potential to play a specific role in the shell, although this has not
been established experimentally (Dryden et al., 2009; Tanaka et al., 2009). As previously
described, CcmKl and CcmK2 may serve as duplicate copies of a functionally identical
protein to increase copy numbers. Sequence alignment of all CcmK* proteins (1-4)
shows a high degree of sequence conservation between the proteins with divergence in
the N- and C-terminal portions between paralogs (Figure 5). It has been postulated that
the C-terminal 'tails' are involved in protein-protein interactions since they have been
reported to vary drastically in conformation between different CcmK paralogs, especially
CcmK2. Unpublished work from our lab suggests that these differences may be due to
misinterpretation of electron density. It may be postulated that the structural difference
of a longer C-terminal extension on CcmKl compared to CcmK2 as well as their
differences in sequence from CcmK4 gives each shell protein a specific role in the shell
(Tanaka et al., 2009). No structure is available for CcmK3, which is the most divergent
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Figure 5. Sequence alignment of CcmK(l-4) shell proteins.
Sequence alignment of CcmK* shell protein paralogs from Thermosynechococcus
elongatus BP-1; residue conservation between the proteins which contain the conserved
bacterial microcompartment (BMC) protein domain is shown. Secondary structure
elements reflect the crystal structure of CcmK2 from 7eBP-l. Shell protein CcmO is not
depicted in the above alignment, but contains two BMC domains in tandem as well as a
C-terminal unstructured region (see Figure 10). Residues boxed in and highlighted red
represent absolutely conserved residues, whereas residues boxed in and in red text
represent residues that are conserved and similar in amino acid properties between the
proteins.
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of all CcmK* paralogs; this divergence may indicate a more specific functional role in
the shell that is not paralleled in the other proteins.
CcmK4 shares the overall fold and organization described above, but differences in
the central pore size may provide discrimination between metabolites which need to pass
into and out of the shell.

The immediate pore is lined with serine residues, while

neighbouring lysine and arginine residues surrounding the hexameric pores of CcmK
homologs impart a positive electrostatic potential; this potential is thought to help attract
the electronegative substrates. The apparent size of the pores differ; the pore of CcmK4
is, at 4 A, the narrowest reported for a CcmK* protein, whereas the pores of CcmKl and
CcmK2 are between 5 - 7 A (Kerfeld et al., 2005; Tanaka et al, 2009). Differences have
been observed in the crystal packing of these individual shell proteins into sheets, and
provides slight variation in packing tightness between hexamers.

However, the

significance of these packing arrangements in vivo is unknown. The structures of shell
proteins from TeBP-1 have not been determined experimentally to date. While they
should be similar to the CcmK* proteins from Synechocystis sp. PCC6803, the possibility
of adaptations to the 7eBP-l specific environmental features, especially temperature, may
be worth investigating.
Each of the shell protein hexamers has two distinct flat 'faces' that differ in terms of
their surface curvature. One side of the hexamer shows a distinct 'curved in' appearance
and is located on the protein face containing the C-terminal tails. This side is termed the
'concave' side, whereas the opposing flat surface is termed the 'convex' side (see
Appendix 3, Figure 1). It has not been established whether the 'concave' or 'convex'
face of the hexamer faces the carboxysome interior.
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1.2.4. Structure and roles of CcmL and its homologs
Structural characterization of CcmL from Synechocystis sp. PCC6803 and the
homologous protein OrfA (CsoS4A) from Halothiobacillus neapolitanus provides further
details of the underpinnings of the icosahedral architecture of the carboxysome. The
protomers of these proteins fold into pentameric units with a wedge shaped structure,
having flat outer edges and a small central pore that is thought to be a minor participant
in metabolite transport (Figure 6 a,b) (Tanaka et al., 2008). The approximately 35 - 40 A
edge lengths of the pentamers match those of the hexameric units previously described,
providing circumstantial evidence that CcmL could function as the pentameric vertices of
the icosahedral shell (Figure 6c). Assembly of bodies with icosahedral geometry requires
a pentameric subunit to occupy the vertices where neighbouring facets meet (Tanaka et
al., 2008). This is analogous to viral capsids of HIV-1, where a single capsid protein
adopts both hexameric and pentameric forms to accommodate the structural requirements
for forming both vertices and capsid facets (Li et al., 2000). Carboxysomes lacking
CcmL assemble with elongated and abnormal morphology, supporting the idea that
CcmL is the 'vertex' protein (Cai et al., 2009; Price et al., 1993). Tanaka and colleagues
therefore modeled CcmL as occupying the vertices of the icosahedral shell by packing
hexameric CcmKl and pentameric CcmL at the appropriate angle. It was proposed that
the 'base' of the pentamer faces the bacterial cytosol with the narrower 'peak' of the
pentamer facing the interior of the carboxysome (Figure 6). However, the models of
Tanaka el al. do not explicitly resolve which CcmK paralog(s) interacts with CcmL.
Additionally, the orientation of the CcmK paralogs in relation to CcmL is also
unresolved.
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Figure 6. Structure of the proposed vertex protein CcmL.
The crystal structure of CcmL from Synechocystis sp. PCC6803 (pdb ID 2QW7). Five
protomers assemble into a pentamer with a central pore, and with outer edge faces
approximately 40 A in length (A, B). The wedge-shaped pentamer is modeled into the
vertices of the carboxysome (*) and provides the curvature required to abuting flat facets
together to result in the polyhedral shape (C) (panel C is adapted from Tanaka et al,
2008).
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1.2.5. Structural basis of metabolite passage and pore specificity
While structural studies have led to the hypothesis that the observed central pores
mediate metabolite flow, there is limited direct supporting experimental evidence.
Despite published attempts, relevant metabolites have not been successfully cocrystallized with the shell component structures determined to date and therefore the
function and specificity of the pores remains unknown (Tsai et al., 2007; Yeates et al.,
2007). A sulfate ion has been co-crystallized in the pores of the CsoSIA and CcmKl
hexamers (Tanaka et al., 2009; Tsai et al., 2007). While sulfate shares approximately
similar size and electrostatic properties of bicarbonate, sulfate binding does not provide
direct evidence of pore specificity. In the CcmK2 structure from Thermosynechococcus
elongatus BP-1, a glycerol molecule is bound in the central pore of the hexamer. The
serine residues lining the pore adjust to accommodate the asymmetry, suggesting that the
specificity is not governed by these immediate pore residues (Samborska & Kimber,
unpublished data). It is plausible that these pores can adjust and serve as a non-specific
opening in the carboxysomal shell through which various molecules can pass, where
transport is facilitated utilizing differences of charge complementarity as well as pore
size. Gated mechanisms of transport have recently been hypothesized from the structure
of a novel carboxysomal protein CsoSID from Prochlorococcus strain MED4. This
protein forms pseudohexamers (a trimer of dimers) that further dimerize, and adopt
alternate open/closed conformations that differ in protein conformation and pore size
(Klein et al., 2009).
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1.2.6. Remaining unanswered questions
Although the individual protein structures give insight into the building blocks of the
shell, many questions regarding models of carboxysomal

organization remain

unanswered. The question as to whether the 'concave' or 'convex' side of the BMC
proteins faces the interior of the carboxysome is not addressed by available data. While
crystal packing provides evidence for lateral interactions between hexamers comprised of
the same protein, it has not been shown that all paralogs interact equally well.
Furthermore, the mechanisms governing shell assembly as well as metabolite transport
remain speculative.

Filamentous structures located near carboxysomes have been

visualized in H. neapolitanus cells, and have been interpreted as misassembled
carboxysomes or an assembly intermediate, although their composition is not known
(Iancu et al., 2009). N-terminal sequences have been discovered that function to package
enzymes into the Pdu microcompartment, but packaging and assembly signals or
mechanisms have not been identified in the carboxysome and are likely to be governed
by different principles (Fan et al., 2010).
1.2.7. Characterized interactions within carboxysomes
To date, the protein-protein interactions involved in producing carboxysomes
have only been characterized through relatively "low resolution" techniques. Although a
large amount of structural data implies that the BMC proteins spontaneously self-interact
into monolayer sheets, biochemical evidence for these interactions under more
physiological conditions is limited. Recent studies have identified protein interactions
between proteins from a- and (3-carboxysomes, using bacterial and yeast two-hybrid
analyses as well as protein binding assays (Cot et al., 2008; Long et al., 2007b). These
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experiments reported a strong pair-wise interaction between CsoS4A and CsoS2 in acarboxysomes, along with other weaker interactions (Gonzales et al., 2005).
In (3-carboxysomes, the N-terminus (Nt) of CcmM was found to interact with
shell proteins CcmL, CcmKl, CcmK2, and CcmK4 (Cot et al., 2008). Additionally, a
protein complex was formed between the carbonic anhydrase CcaA, CcmM (Nt), and
CcmN, and was localized to the surface of the carboxysomal shell, consistent with the
previously stated interactions. In a separate study, protein binding assays demonstrated
that CcmM interacts with the large and small subunits of Rubisco as well as with CcaA
(Long et al., 2007b). The N-terminal domain of CcmM is trimeric, with a conserved
surface along the three-fold axis (Pena et al., 2010). This surface could potentially
complement the six-fold symmetry of the shell proteins upon interaction (Figure 4b,c;
Appendix 3, Figure 2).
Recent studies of CcmKl and C-terminal truncated variants of CcmKl and
CcmK2 lacking their C-terminal tails illustrate that these extensions are flexible in nature,
and may serve to interact with proteins contained within the carboxysome (Tanaka et al.,
2009).

Colocalization of CcmK4 with Rubisco in carboxysomes has recently been

demonstrated using fluorescence microscopy (Savage et al., 2010). While these studies
all provide preliminary knowledge of protein partners that may interact in a specific
manner (Figure 7), no studies to date have provided direct biochemical evidence for the
details of these individual shell protein interactions. A comprehensive understanding of
shell protein interactions is necessary to allow more detailed modeling of the
carboxysomal structure, and to gain insight into the mechanisms of assembly.
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Figure 7. Working model of |3 -carboxysomal organization.
The current working model of carboxysomal organization, where structural and protein
interaction data underpin the details. Hexagonal CcmK* hexamers assemble into a
protein monolayer, with central pores that facilitate metabolite transport. CcmM is an
interior organizing protein which interacts with CcmN, CcaA, as well as Rubisco, and
tethers this complex to the shell through interactions with CcmKl.
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Techniques such as two-hybrid analysis and protein binding assays do not provide
detailed information on protein interaction geometry or affinities. The carboxysome is
architecturally complex, with interactions occurring at a series of distinct levels - from
protomer to oligomer to facet to icosahedral particle. Binding assays, in general, do not
provide any information about the orientation and context of the interaction.

The

importance of structural context and the close similarity between different paralog
components makes the system challenging to investigate using traditional protein-protein
interaction methods, which generally only supply 'does interact/does not interact' type
data. Experiments in this thesis will therefore utilize fluorescence resonance energy
transfer (FRET) as the primary means of investigating the geometry of protein
interactions.

1.3. Fluorescence resonance energy transfer
Fluorescence resonance energy transfer (FRET) is a non-radiative means of energy
transfer which occurs between a donor fluorophore in an excited state, and an acceptor
fluorophore in a ground state, through long range dipole-dipole interactions. The extent
of energy transfer is dependent on many parameters; pertinent to the inference of
geometric information, the signal strength has a 1/r6 distance dependency, which can be
used to extract information about the distance between two sites (Lakowicz, 2006). The
FRET technique can be used to measure molecular distances typically in the range of 10
- 100 A, and the range of maximal sensitivity can be fine-tuned by strategic choice of the
fluorophore pair (Clegg, 2002). In addition to distance dependency, energy transfer is
also dependent on the spectral overlap of the donor emission with the absorption
spectrum of the acceptor being used, as well as the orientation of the donor and acceptor
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dipoles and the donor quantum yield. The Forster distance (R0) describes the distance
where FRET is half efficient, and is donor-acceptor pair specific. For example, using the
donor 5-({2-[(iodoacetyl)amino]ethyl}amino) naphthalene-1-sulfonic acid (IAEDANS)
and the acceptor 5-iodoacetamidofluorescein (IAF) gives a Forster distance range of 46 56 A (Lakowicz, 2006).

Assuming a single acceptor site of known occupancy, and

known spectral properties of the donor and acceptor, FRET can give reliable molecular
distances in the range of 0.5RQ and 2R0. The emergent energy transfer (E) can typically
be determined by measuring either the fluorescence intensity of the donor (steady state)
or the lifetime of the donor (dynamic), both in the presence (FDA, toA) and absence of
acceptor (FD, to) (Lakowicz, 2006):
E = 1 - (F DA /F D )
E=l-(tDA/tD)
The energy transfer can be used to calculate the distance between the donor and acceptor
fluorophores (for an extensive explanation of FRET calculations, see Lakowicz, 2006).
The Forster distance between IAEDANS and 5-IAF is in the range required to
measure FRET between interacting selectively labeled carboxysomal shell proteins.
With selectively introduced cysteine residues used for fluorophore conjugation, the
closest distance between the labeled surface exposed residues on adjacent laterally
interacting hexamers is predicted to be approximately 40 A. It should be noted, however,
that the degenerate nature of the environment in which FRET is anticipated to occur
(each donor being embedded in a partially occupied two-dimensional array of acceptors
at varying distances), would make the extraction of exact distances from

the

measurements difficult. However, because existing models provide strong constraints on
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the geometry of interaction, the FRET signal will generally be interpreted in terms of
relative frequency at which the labeled two species in the experiment interact.
1.4. Research objectives
Prior investigations into the architecture of the carboxysome have resulted in an
intuitively appealing model that, however, rests upon a series of untested assumptions
about the strength, specificity and geometry of the network of protein interactions from
which the carboxsyome's overall architecture emerges. The purpose of the experiments
described within this thesis is to characterize the interactions between the individual
proteins that comprise the carboxysomal shell using FRET as the primary investigative
tool. The specific questions this thesis intends to address are:

1) Do unlike carboxysomal shell proteins interact with one another, and if so, are all
interactions indistinguishable in strength (i.e. are the BMC proteins architecturally
interchangeable)?
2) Do the shell proteins, as proposed, interact with CcmL; if so, is any specific shell
protein preferred for this interaction?
3) Which face of the shell proteins abuts the interior of the carboxysome? This will be
investigated by dissecting the geometry of the known interaction between CcmM and the
shell proteins.

The anticipated outcome of these investigations will be a far more detailed,
experimentally supported model of the architecture of the (3-carboxysome.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Transformation of competent Escherichia coli cells
2.1.1. Transformation of competent Escherichia coli DII5a
Subcloning efficiency Escherichia coli DH5a competent cells (Invitrogen) were
transformed with prepared plasmid DNA. This strain was transformed with DNA to
prepare plasmid DNA stocks, and for plasmid DNA construct preparation. Previously
aliquoted and frozen cells were thawed on ice and approximately 0.2 - 0.5 u,g of plasmid
DNA or 5 uL of ligation reactions was added to the cells. Cells were incubated on ice for
5 minutes, then heat shocked for 40 seconds in a 42°C water bath and subsequently
placed on ice for 2 minutes.

Following this step, 200 - 250 uL of super optimal

catabolite repression media (SOC) (Appendix 1) was added to the cell mixture, and this
was incubated for 1 hour at 37°C in a shaker (220 rpm). Cells were then plated on LB
agar media containing appropriate antibiotic selection of either ampicillin or kanamycin,
at final concentrations of 50 or 30 |ig/mL, respectively. Plates were incubated overnight
at 37°C to allow for colony growth.
2.1.2 Transformation of competent Escherichia co//Rosetta cells
Escherichia coli Rosetta (DE3) competent cells (Novagen) were used for protein
expression from plasmid DNA constructs.

Cells were previously frozen in a dry

ice/methanol bath in 25 uL aliquots. Cell aliquots were thawed on ice and 1 uL of
approximately 100 ng/uL plasmid DNA was added and mixed gently. Cells were placed
on ice for 2 minutes, then heat shocked for 25 seconds in a 42°C water bath and
subsequently placed on ice for 2 minutes. Following this step, 200 uL of super optimal
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catabolite repression media (SOC) (Appendix 1) was added to the cell mixture, and this
was incubated for 1 hour at 37°C in a shaker (220 rpm). Twenty microlitres of cells were
then plated on LB agar plates (Appendix 1) containing appropriate antibiotic selection of
chloramphenicol and either ampicillin or kanamycin, at final concentrations of 34, 50,
and 30 ug/mL, respectively. Plates were incubated overnight at 37°C to allow colony
growth.

2.2. Plasmid DNA isolations
Single colonies from transformed E. coli DH5a cells were inoculated overnight in
5 mL LB media (Appendix 1) containing the appropriate antibiotic selection, at
previously described concentrations (see Section 2.1). The following day, cells from 4
mL of culture were pelleted for isolation of plasmid DNA. Plasmid DNA was isolated
and purified using QIAprep Spin Miniprep Kit (QIAGEN), following the manufacturer's
instructions. Plasmid DNA was eluted using 53 uL of sterile water. Purified plasmid
DNA was verified by electrophoretic separation of 2 uL on a 1 % (w/v) agarose gel, and
was subsequently stored at -20°C. Plasmid DNA was sent for sequencing verification at
the Laboratory Services division at the University of Guelph (Guelph, ON). Resulting
sequencing was aligned with gene sequences using ClustalW2 multiple sequence
alignment

tool

(European

Bioinformatics

Institute,

http://www.ebi.ac.uk/Tools/clustalw2/) and checked for amplification errors.
Glycerol stocks of E. coli DH5a cells transformed with plasmid DNA were
prepared from the same overnight culture described above prior to plasmid DNA
isolation. 500 uL of 50% (v/v) glycerol was added to 500 uL of overnight culture. The
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mixture was kept at room temperature for 5 minutes and was subsequently frozen at 80°C for long term storage.
2.3. PCR amplification and site-directed mutagenesis
Genes coding for WT carboxysomal shell proteins were amplified from
Thermosynechococcus elongatus BP-1 genomic DNA (a generous gift from Dr.
Takakazu Kaneko, the Kazusa Research Institute, Japan) using standard PCR
amplification techniques.

All primers used to create recombinant DNA molecules

described in this thesis can be found in Appendix 2, Table 1. PCR was performed using a
MyCycler Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) with the
following cycling parameters: initial denaturing at 98°C for 1 minute, followed by 30
cycles of 98°C for 10 seconds (denaturing), 55 - 70°C for 30 seconds (annealing, exact
annealing temperature was primer dependent), 72°C for 30 seconds (extension). This
was followed by a final elongation step at 72°C for 10 minutes, after which the reaction
was held at 10°C. Reactions were performed in a final volume of 50 uL containing the
following components: 5 uL 10 x iProof HF buffer containing 7.5 mM MgCb (Bio-Rad
Laboratories, Hercules, CA, USA), 1 uL 10 mM dNTPs, 1 uL of Thermosynechococcus
elongatus BP-1 genomic DNA, 2.5 uL each of 10 uM forward and reverse primer, 37.8
uL sterile ddH 2 0, and 0.2 uL iProof High-Fidelity DNA Polymerase (2 Units/uL) (BioRad Laboratories, Hercules, CA, USA). Five microlitres of PCR amplified products were
subsequently analyzed by 1% (w/v) agarose gel electrophoresis separation containing 0.2
ug/mL ethidium bromide and compared to 0.25 u.g separated GeneRuler 100 bp DNA
ladder (Fermentas). Resulting gels were viewed using an ultraviolet light source (Bio-
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Rad Laboratories, Hercules, CA, USA). Resulting PCR fragments were used in the
preparation of'insert' DNA for ligation with 'vector' DNA (see Section 2.4.1).
PCR site-directed mutagenesis was used to introduce nucleotide substitutions in
target gene sequences using previously prepared plasmid DNA as templates. All primers
for mutagenesis can be found in Appendix 1, Table 1. PCR was performed using a
MyCycler Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) with the
following cycling parameters: initial denaturing at 95°C for 30 seconds, followed by 16
cycles of 95°C for 30 seconds (denaturing), 55°C for 1 minute (annealing), 68°C for 12
minutes (extension).

This was followed by a final elongation step at 68°C for 10

minutes, after which the reaction was held at 10°C. Reactions were performed with a
final volume of 50 uL containing the following components: 5 uL 10 x PfuUltra HF
Reaction buffer (Stratagene, La Jolla, CA, USA), 1 uL 10 mM dNTPs, 1 LXL of 50 - 100
ng/uL plasmid DNA, 1.5 uL each of 10 uM forward and reverse primer, 40 uL sterile
ddH 2 0, and 1 uL PfuUltra High-Fidelity DNA Polymerase (Stratagene, La Jolla, CA,
USA). Non-mutated parental DNA present in the reaction mixture following PCR was
digested by adding 1 uL Dpril (Invitrogen) and incubated at 37°C for 1 hour. Five
microlitres was then transformed into competent E. coli DH5a (see Section 2.1.1).
Colonies from the transformation were inoculated overnight in LB media (Appendix 1)
containing the appropriate antibiotic for plasmid selection. Plasmid DNA was purified as
previously described (see Section 2.2), and sent for sequencing to the Laboratory
Services division of the University of Guelph (Guelph, ON). Resulting sequences were
aligned with gene sequences using ClustalW2 multiple sequence alignment tool
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(European Bioinformatics Institute, http://www.ebi.ac.uk/Tools/clustalw2/) and checked
for errors.
2.4. Recombinant DNA cloning
2.4.1. Recombinant 'vector' and 'insert' DNA preparations
All recombinant DNA molecules were modified using restriction endonucleases
and other enzymes purchased from New England Biolabs Ltd. (Mississauga, ON,
Canada). Agarose gels were prepared with

1% (w/v) agarose dissolved in IX TAE

buffer (Appendix I) and contained a final ethidium bromide concentration of 0.2 u.g/mL.
Resulting gels were viewed using an ultraviolet light source (Bio-Rad Laboratories,
Hercules, CA, USA). pET-28a and pET-22b cloning vectors were used as 'vector' DNA
in the described cloning procedures.

'Vector' DNA was prepared by isolating the

plasmid DNA (see Section 2.2) from E. coli DH5a glycerol stocks, followed by
restriction enzyme digestion. Complementary ends introduced using restriction enzymes
were produced to use in the ligation of 'insert' and 'vector' DNA. Digested 'vector'
DNA was prepared for ligation by agarose gel electrophoresis separation of fragments,
followed by purification using the illustra GFX PCR DNA and Gel Band Purification Kit
(GE Healthcare, Buckinghamshire, UK), following the manufacturer's instructions.
Purified 'vector' was eluted using 50 uL sterile ddH 2 0. The vector was then treated with
1 uL Antarctic alkaline phosphatase for 30 minutes at 37°C followed by 5 minutes at
65°C to inactivate the enzyme. In this way, 'vector' self-ligation in the presence of T4
DNA ligase is prevented. The dephosphorylated "vector' was purified from the other
components in the mixture by gel extraction and purification as described above.
Prepared vector was stored at -20°C for use in ligation reactions.
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'Insert'

DNA was prepared by PCR amplification of carboxysomal genes of

interest from genomic DNA (see Section 2.3) with incorporation of 5' and 3' restriction
endonuclease sites specific to the 'vector' DNA being used in ligation, described below
(see Section 2.4.2, and 2.4.3).

The PCR products were analyzed by electrophoretic

separation on a 1% (w/v) agarose gel, and subsequently purified using the illustra GFX
PCR DNA and Gel Band Purification Kit (GE Healthcare, Buckinghamshire, UK),
following the manufacturer's instructions. Purified PCR products were eluted using 53
uL sterile ddE^O. Purified PCR products were digested with appropriate restriction
enzymes in a 60 uL final reaction volume, followed by agarose gel extraction and
purification using illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare,
Buckinghamshire, UK). Purified and digested 'insert' DNA was eluted in 53 uL sterile
ddH20 and stored at -20°C for use in ligation reactions.
2.4.2. Recombinant 'vector' pET-22b cloning
Genes coding for carboxysomal shell proteins were cloned into the pET-22b
vector using restriction endonucleases NdellXhol, to create a C-terminal His6 tag on the
expressed protein. The 5' Ndel and 3' Xhol restriction endonuclease sites were
introduced using oligonucleotide primers to the gene of interest (see Appendix 2, Table 1
for a list of primers used for cloning). The PCR products were digested with Ndel and
Xhol and were subsequently ligated into a NdellXhol digested and dephosphorylated
pET-22b vector (see Section 2.4.4).

Ligated colonies were selected for ampicillin

resistance, at a working concentration of 50 ug/mL.
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2.4.3. Recombinant 'vector' pET-28a cloning
Genes coding for carboxysomal shell proteins were cloned into the pET-28a
vector using restriction endonucleases Bamlil/Ndel, to create a N-terminal His6 tag on
the expressed protein. The 5' BamHl and 3' Ndel restriction endonuclease sites were
introduced using oligonucleotide primers to the gene of interest (see Appendix 2, Table 1
for a list of primers used for cloning). The PCR products were digested with BamHl and
Ndel and were subsequently ligated into a BamUl/Ndel digested and dephosphorylated
pET-28a vector (see Section 2.4.4). Ligated colonies were selected for kanamycin
resistance, at a working concentration of 30 ug/mL.
2.4.4. 'Vector' and 'insert' ligation reactions
Plasmid DNA ligation reactions were performed using 'vector' and 'insert'
preparations at approximate stored concentrations of 100 ng/uL. A total of three different
ligation reactions were set up with varying 'vector' to 'insert' molar ratios (1:0, 1:1 and
1:6.). Each ligation reaction included 2 JJ,L of 5 x cohesive buffer (Appendix I), 1 uL of
T4 DNA ligase (1 units/uL, Invitrogen) and 100 ng 'vector' DNA in a total reaction
volume of 10 uL. Reactions were incubated for 2 - 3 days at 4°C and 5 uL of the each
reaction was subsequently transformed into chemically competent E. coli DH5a, as
previously described (see Section 2.1.1). Following transformation, 2 - 6 bacterial
colonies from ligation transformation plates were chosen and each grown overnight in LB
(Appendix I) for plasmid DNA extraction (see Section 2.2). Plasmid DNA was screened
for the presence of the proper 'insert' using restriction enzyme digestion followed by
analysis using agarose gel electrophoresis. Plasmid DNA samples containing 'insert'
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DNA corresponding to the expected insert size were sent for sequencing to the
Laboratory Services division of the University of Guelph (Guelph, ON).

2.5. Protein expression and purification
2.5.1 Growth and protein over expression
Plasmid DNA constructs were used to transform Rosetta competent cells (see
Section 2.1.2), and transformation plates were stored at 4°C. A starter culture of 15 mL
2xYT media containing the appropriate final antibiotic concentration of 34 ug/mL
chloramphenicol, and either 30 fig/mL kanamycin or 50 ug/mL ampicillin (vector
specific selection, see Section 2.4.2 and 2.4.3) was inoculated with a single transformed
Rosetta cell colony of the protein construct to be expressed. The starter culture was
incubated overnight at 37°C with shaking. The next morning, appropriate antibiotics were
added to 1 L of 2xYT media. A glycerol stock was prepared by adding 500 uL of 50%
(w/v) glycerol to 500 uL of overnight culture. The glycerol stock was incubated at room
temperature for 10 minutes, and then frozen at -80°C for long term storage. The starter
culture was added to the prepared media, and the cells were grown at 37°C with 220 rpm
shaking until reaching an optical density at 600 nm of 0.6 - 1 . 0 . A pre-induction sample
of 100 (iL was taken at this point and stored at 4°C for future SDS-PAGE analysis.
Protein expression was induced with 0.4 mM isopropyl-beta-D-1-thiogalactopyranoside
(IPTG) for approximately 18 hours at 15°C with 220 rpm shaking.

The following

morning, a post-induction sample of 100 uL was taken and stored at 4°C for future SDSPAGE analysis of protein induction. The cell culture was centrifuged using a BeckmanCoulter centrifuge (Fullerton, CA, USA) with the JA-10 rotor at 4500 x g for 8 - 20
minutes. The supernatant was discarded and pelleted cells were placed on ice. Cell
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pellets were transferred to a 50 mL conical tube and stored at -20°C if not being purified
on the same day.
2.5.2 Protein purification
Cell pellets were resuspended in 20 mL chilled binding buffer (Appendix 1).
Protease inhibitors, benzamidine and phenylmethylsulfonylfluoride (PMSF), were added
at final concentrations of 1.7 mM and 0.8 mM, respectively, followed by the addition of
DNasel. Cells were mechanically lysed using either a French pressure cell or sonication.
Cells were lysed by two passages through the French pressure cell at 1000 psi, or by
sonication using the macrotip at power level 5, programmed for 5 minute sonication in 1
minute intervals with 1 minute pauses.
Cellular lysate was centrifuged for 45 minutes at 27000 x g and 4°C to pellet
cellular debris. The supernatant was filtered through a 0.2 urn filter, and applied to a 1
mL Nickel resin matrix (Sigma) packed into Econo-Pac disposable chromatography
columns (Bio-Rad) pre-equilibrated with 20 mL binding buffer. The column was washed
with 15-20 mL binding buffer (Appendix 1), followed by a 10 - 15 mL wash with wash
(Appendix 1) buffer containing 10 mM imidazole. Protein was eluted in a 5 mL fraction
by the addition of elution buffer containing 0.5 M imidazole (Appendix 1). The protein
was concentrated using an Amicon

10000 molecular weight cut-off (MWCO)

concentrator spun at 4000 x g. Binding buffer was added to each protein preparation to
achieve the appropriate concentration of imidazole in the final protein sample. The final
imidazole concentration required for protein to remain soluble was determined
experimentally by reducing the imidazole concentration in the protein elution, by adding
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binding buffer (0 M imidazole) to the critical solubility point, the minimal concentration
of imidazole required to keep the protein soluble in solution.
Induction, purification and purified protein samples were analyzed using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to assess purification
success and purity of the final protein sample. Samples were each mixed with 5x sample
loading buffer (Appendix 1), heated at 95°C for 10 minutes prior to loading into gel
lanes. Gels were stained and destained (Appendix 1) and were visualized using the BioRad Gel Doc (Hercules, CA, USA). Proteins were quantified using either the Qubit
(Invitrogen, Eugene, Oregon, USA) or Bradford (Bio-Rad, Hercules, CA, USA) protein
quantification assays using BSA at various concentrations as the protein standard.
Samples were aliquoted into 1.5 mL microcentrifuge tubes and stored at -80°C.

2.6. Native gel electrophoresis
Native acrylamide gels were prepared with a 10% acrylamide separating phase,
pH 8.8 (Appendix 1). Samples were prepared by mixing 1 uL of purified protein with 9
|iL of buffer (either column buffer or binding buffer containing 0.2 M imidazole,
Appendix 1). 2 uL of 5x native gel sample loading buffer (Appendix 1) was mixed with
each sample, and the samples were immediately loaded into the gel lanes. Gels were run
for 1.5-2 hours at 100 V, followed by staining and destaining to visualize protein bands.

2.7. Fluorescence resonance energy transfer
2.7.1. Selective thiol labeling with the fluorescent dyes IAEDANS and 5-IAF
Site-directed mutagenesis of plasmid DNA constructs was used to introduce
cysteine residues into targeted positions of carboxysomal proteins. Positions were chosen
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in areas which were solvent accessible upon inspection of the protein structures (and of
homologous proteins where the structure has not been solved) and also were not highly
conserved. Cysteines were used to label protein at selective positions with thiol reactive
fluorophores to be used as either donor or acceptor fluorophores for FRET studies. 5({2-[(iodoacetyl)amino]ethyl}amino)naphthalene-l-sulfonic

acid (IAEDANS) and 5-

iodoacetamidofluorescein (5-IAF) (Appendix 3, Figure 1) (Molecular Probes, Invitrogen,
Eugene, Oregon, USA) were used as the donor and acceptor conjugated fluorescent
probes, respectively. This pair of fluorescent probes has good spectral overlap and has
been widely used for FRET molecular distance measurements (Lakowicz, 2006). The
Forster distance for this fluorophore pair is approximately 50 A, which under the right
circumstances allows for accurate distance measurements ranging between 25 - 100 A
(Lakowicz, 2006).
Each labeling experiment was performed starting with 0.5 - 2 mg of purified
protein. The labeling reactions were carried out in a volume of at least 1 mL, using
binding buffer (Appendix 1) containing 0.2 M imidazole to facilitate solubility of all
carboxysomal proteins in the same buffer condition. Purified proteins were incubated for
30 minutes with a 10-fold molar excess of tris(2-carboxyethyl)phosphine (TCEP) at room
temperature with a nutator, to reduce any disulfide bonds. Fluorescent dyes IAEDANS
and 5-IAF were resuspended in DMF or DMSO. respectively. A 20-fold molar excess of
fluorescent dye was then added to the labeling reaction, giving a final approximately 2 %
concentration of either DMF or DMSO, and was incubated at room temperature protected
from light, for 3 -

18 hours.

A 20-fold molar excess of thiol-containing (3-

mercaptoethanol or difhiofhreitol (DTT) was added to quench the reaction by reacting
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with unconjugated fluorescent dye. Labeled protein was separated from free dye using a
Bio-Rad Econo-Pac 10 DG desalting column (Hercules, CA) and protein was eluted in ~
0.5 mL fractions using binding buffer (Appendix 1) containing 0.2 M imidazole. A
Cary50 Spectrophotometer was used to collect absorbance scans between 250 and 600
nm for desalting column fractions. Fractions containing labeled protein were pooled and
the fluorophores were quantified using absorbance values at the respective absorbance
maximum wavelength of each dye, using extinction coefficients of 6100 M"'cm"'
(IAEDANS, 337 nm) and 71000 M " W (5-IAF, 492 nm). Proteins were quantified
using the Bio-Rad Bradford Dye Reagent, using BSA to generate a standard curve
(Hercules, CA). Labeling efficiency was calculated using Equation 1:

Labeling efficiency = ([IAEDANS or 5-IAF] / [protein])* 100

(Eq. 1)

Labeled proteins were characterized by examining their excitation and emission
profiles.

Measurements were carried out on a PTI Alphascan-2 spectrofluorometer

(Photon Technology International), using labeled protein diluted with Column buffer
(Appendix 1) at an approximate protein concentration of 0.25 uM. Table 1 describes the
parameters used to characterize labeled protein.
Table 1. Fluorescence parameters used for characterizing labeled protein samples.

Excitation wavelength
Emission wavelength
Slit width (both
monochromators)
Step size
Interval time
Averages

Excitation scan
230-400 nm
460 nm
4 nm

Emission scan
337 nm or 350 nm
400 - 600 nm
4 nm

1 nm
0.1 seconds
1

1 nm
0.1 seconds
1
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Curves were analyzed to determine the presence of conjugated fluorescent label,
intensity of the observed signal, optimal excitation wavelength for each labeled protein
sample as well as to determine the presence of any background fluorescence from
acceptor labeled protein at the donor excitation wavelength.
Labeled proteins were aliquoted into 1.5 mL microcentrifuge tubes, flash frozen
using liquid nitrogen, and stored at -80°C for use in FRET studies.
2.7.2. Steady state fluorescence resonance energy transfer experiments
Fluorescently labeled proteins were used to probe protein-protein interactions by
fluorescence resonance energy transfer (FRET), to observe molecular proximity between
protein sites conjugated with fluorescent dyes.
Previously labeled proteins were thawed on ice and then equilibrated to room
temperature. The lAEDANS labeled donor proteins were prepared at a 2x concentration
(usually 14 uM) in binding buffer (Appendix 1) containing 0.2 M imidazole. The 5-IAF
labeled acceptor proteins were prepared in the same buffer at a 2x concentration (usually
70 uM).

Similarily, unlabeled acceptor proteins were prepared in the same buffer,

typically at a concentration of 70 uM, to be used as a negative control in each
experiment. Samples were prepared in triplicate in each experiment, and experiments
were repeated three times. Ten microlitres of each protein was mixed together to make a
final volume of 20 uL, typically with the following samples in each experiment:
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1) Buffer blank
2) Donor labeled protein only
3) Donor labeled protein + 5-IAF acceptor labeled protein
4) Donor labeled protein + unlabeled acceptor protein
5) 5-IAF acceptor protein
6) unlabeled acceptor protein

Samples were added to UV-Star 96 well flat bottom, half area plates (Grenier BioOne, GmbH, USA), sealed with EasyXtal Sealing Tape (QIAGEN, Maryland, USA), and
incubated for 1 hour protected from light. Fluorescence intensity was measured using the
POLARstar Omega plate reader (BMG labtech GmbH, Offenburg, Germany).

An

excitation wavelength of 350 nm was used to excite the donor fluorophore and the
resulting fluorescence intensity was measured at a wavelength of 460 nm.

Prior to

interaction experiments, donor proteins were prepared at their final assay concentration,
and a test experiment was completed to determine the gain adjustment required for
appropriate fluorescence intensity signal. Each donor protein preparation was used at this
pre-determined gain for experiments.
2.7.3. Analysis of fluorescence intensity measurements
Raw data containing fluorescence intensity measurements were obtained as
described above (see Section 2.7.2).

Buffer blank values were subtracted from all

fluorescence intensity data, and these blank corrected values were used to determine the
reduction in fluorescence intensity of any of the samples compared to the 'donor only'
samples. 'Donor only' values were reported as 100% signal (100% fluorescence) for all
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experiments.

The % fluorescence of the remaining samples was calculated using

Equation 2:

% fluorescence =

(sample blank corrected fluorescence intensity)
{donor only blank corrected fluorescence intensity)

x 100

(Eq. 2)

2.8. Crystallization experiments
Various plasmid constructs of genes coding for CcmK3 and CcmO were built for
expression of WT and truncated variants which were used for crystallization experiments.
Proteins were purified as previously described (see Section 2.5).
concentrated

Proteins were

to at least 1 mg/mL before crystallization experiments were set up.

Purified proteins were subjected to vapour diffusion sitting drop 'crystal screening' on
QIAGEN Nextal QIA2 microplates using QIAGEN Classics I Suite, Classics II Suite,
and SFP Suite crystallization buffer kits (QIAGEN, USA). One or two microlitres of
purified protein was added to the microplate sitting drop well, and 1 \xL of buffer from
each buffer reservoir was added to the drop. Plates were sealed with clear packing tape
and incubated at room temperature. Various buffer conditions found in the QIAGEN
Suites were used to screen conditions suitable for crystal nucleation and growth. Initial
'hits' were refined by varying the initial solution conditions to try and obtain larger and
more uniformly sized crystals suitable for diffraction.
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CHAPTER 3: RESULTS

3.1. Cloning, protein over-expression and purification
Genes coding for carboxysomal proteins from Thermosynechococcus elongatus
BP-1 were cloned into either pET-28a or pET-22b expression vectors as previously
described (see Section 2.4). Site-directed mutagenesis was used to produce truncations as
well as to introduce cysteine residues at selective positions in the protein. A complete list
of cloned carboxysomal genes and mutant constructs used within this thesis can be found
in Appendix 2, Table 2.
Individual carboxysomal shell proteins were purified using nickel affinity
chromatography as described in Section 2.5. CcmKl, CcmK2, CcmK4, CcmL, CcmO,
CcmM193, as well as the corresponding truncation or mutant variants, were purified.
Proteins were concentrated and buffer exchanged into binding buffer (20 mM Tris, 500
mM NaCl, 10% glycerol, pH 7.9). Protein yields ranged between 1 - 50 mg/L from
2xYT media and were concentrated to 1 - 80 mg/mL. CcmKl and CcmK2, CcmK4, and
truncated CcmO proteins had a tendency to aggregate, precipitate or self-associate
strongly in solution and were stored in a buffer containing 0.2 - 0.3 M imidazole to
maintain solubility. Purified protein was stored at -80°C until further use. Figure 8
shows representative purified protein samples. A complete list of purified proteins and
their properties can be found in Appendix 2, Tables 3 and 4.
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Figure 8. SDS-PAGE analysis of purified carboxysomal proteins.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) analysis of
carboxysomal proteins purified using nickel affinity chromatography. Representative
samples of purified proteins are shown (locations of the hexahistidine tag, N-terminal
His6 or C-terminal His6, are indicated). Proteins were visualized with Coomassie Blue R250 staining (samples 15,16 are run on a different gel than 10-14, but both gels were run
simultaneously under the same conditions, and had the same length of separating gel).
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3.2. Native Gel Electrophoresis
The oligomeric state of individual shell proteins was investigated by separation of
purified protein using native gel electrophoresis. The location of the polyhistidine tag
affects protein migration through the gel, as well as the number of distinct species
observed on the gel for CcmKl and CcmK2.

Protein migration through the gel is

dependent on both the size and thus oligomeric state of the protein, as well as the level of
protonation (overall protein charge) at the separating gel phase pH of 8.8. A list of
predicted protein properties including molecular weight, pi, and overall charge at pH 8.8
can be found in Table 3 and 4 of Appendix 2.
C-terminal His6 tagged (CHise) CcmKl and CcmK2 both separate as two distinct
species, whereas NHis6-tagged protein variants separate as a number of species (Figure
9). CcmK4, CcmO, and CcmM193 each display one dominant oligomeric form, with a
small amount of CcmK4 adopting higher oligomeric species. CcmL separates as two
species; the bands migrate with a very similar electrophoretic mobility.

3.3. Protein crystallization
Although the structures of several carboxysomal shell proteins have been
determined within the last few years, there are still several components for which no
structure is known. There is a wealth of information that can be gained by determining
the structural details of the remaining shell proteins. The crystal structures of CcmO and
CcmK3 were of interest to us, since there are no published investigations by other
research groups. They are also the most divergent of the (3-carboxysomal BMC shell
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Figure 9. Native gel electrophoresis of carboxysomal proteins.
Ten percent acrylamide Native gel electrophoresis of purified WT carboxysomal
proteins. Ccm* proteins (WT) were individually separated on the gel, and proteins were
visualized using Coomassie blue R-250.
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proteins and would, therefore, likely provide novel information regarding shell assembly
and/or metabolite transport.
The T. elongatus BP-1 gene encoding carboxysomal protein CcmK3 was cloned
with a polyhistidine tag fused to either the N- or C-terminus of the resulting protein.
Induction of protein over-expression in E. coli Rosetta cells using the standard conditions
(see Section 2.5.1) was not successful and various alternative induction conditions were
tested. Optimal protein induction was obtained when protein expression was induced for
4 hours at 37°C. Despite optimizing protein expression, purification of CcmK3 was
unsuccessful using either construct. CcmK3 was found in the cell pellet rather than in the
soluble fraction in all purification attempts, indicating that the protein is either present in
inclusion bodies, or is membrane associated. Solubilization of CcmK3 from the pellet
was tested using 1% Triton-XlOO, 1% Tween-20, and 0.3 - 3% Sarkosyl. All attempts at
recovering protein from the cell pellet were unsuccessful. An alternative cloning strategy
is thus required but was not pursued.
The gene coding for CcmO was cloned with an N-terminal polyhistidine tag fused
to the resulting protein, and was successfully purified with high yields using nickel
affinity chromatography. Crystal screens were set as previously described (see Section
2.8) for CcmO WT as well as CcmO E77C. Screening at various protein concentrations
(10 - 80 mg/mL) was unsuccessful and a high proportion of conditions resulted in
precipitation. Only one set of conditions produced very small (< 50 urn) crystals after
three months, in the form of compact masses of radiating needles. These crystals could
not be reproduced and were not pursued further. Subsequently, three more constructs of
varying lengths were built of the CcmO WT protein; CcmOg.253, CcmO 1.201 and
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CcmO 1-206prediction

Analysis of the WT protein sequence using various intrinsic disorder
tools

(foldindex:

http://bip.weizrnann.ac.il/fldbin/fmdex

and

IUPRJED

http://iupred.enzim.hu/) revealed that the C-terminal approximately 50 amino acids
contains an extended region with low amino acid diversity, low hydrophobicity and a
high tendency towards disorder. To aid in crystallization attempts, two constructs were
built, CcmO 1-201 and CcmOi_206, which included the two BMC domain regions but
truncated the protein before this region (Figure 10). Each was over-expressed and
purified, and both exhibited lower expression rates and reduced solubility.

Purified

CcmO 1-201 and CcmOi-206 were subjected to QIAGEN Classics I and Classics II Suite
crystal screening at protein concentrations of 1 - 4 mg/mL. No crystal hits were obtained
from any of the screens set. An alternative cloning strategy was required to obtain better
expression and higher concentrations of protein for future crystallization trials.

3.4. Fluorescence resonance energy transfer (FRET) studies of protein interactions
The majority of carboxysomal shell proteins lack native cysteine residues, making
this ideal chemistry for introducing targeted chemical modification sites. Cysteine
residues were substituted into carboxysomal protein sequences at specific positions. The
sites chosen are generally relatively poorly conserved regions of the protein (interaction
faces are generally relatively conserved, so this minimizes the chance that the adduct will
obstruct interactions), as well as being accessible to solvent. Proteins with cysteines
introduced into surface-exposed sites by site-directed mutagenesis were incubated with
thiol reactive IAEDANS and 5-IAF in order to modify the proteins with fluorescent
labels to be used in FRET studies. A general description of the experimental procedure is
described below.
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Figure 10. Organization of carboxysomal protein CcmO from TeBP-1.
Protein domains in CcmO determined using bioinformatical approaches. The N-terminus
of the protein contains two tandem bacterial microcompartment domains (BMC)
connected with a short linker. The C-terminal domain (approximately 50 amino acids)
has an amino acid sequence that is predicted to result in an unstructured protein domain.
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One population of each protein variant was selectively labeled with lAEDANS
and was termed the 'donor' protein. lAEDANS excitation at 350 nm results in a peak
emission at 480 nm. A 460 nm filter was used to measure the emission from the 'donor'
fluorophore, both in the absence and presence of'acceptor' protein. A second, 'acceptor'
protein population was selectively labeled with 5-IAF, which has an excitation maximum
at 480 nm and emits at 520 nm. The physical separation of 'donor' and 'acceptor'
fluorophores dictates the extent of energy transfer in a distance dependent manner, with a
50 % transfer efficiency equating to an approximate distance of 50 A for this donor acceptor pair (Lakowicz, 2006). Importantly, the attenuation in signal decreases with an
r6 relationship, meaning that the signal is dominated by the closest interactions.
Fluorophore labeling efficiencies between 20 - 73 % were typically obtained for the
labeled protein used in FRET studies (see individual experiments).

Since the shell

proteins are all hexameric or pentameric, even with a relatively low labeling efficiency,
most oligomers would be anticipated to have at least one label.
Carboxysomal shell hexameric proteins have two distinct 'faces', a 'convex' and
a 'concave' face. CcmK2 at position E71C allows for labeling on the 'convex' face of
the hexamer, whereas labeling at position K36C permits 'concave' face labeling
(Appendix 3, Figure 1). Equivalent sites were chosen for CcmKl (Q71C 'convex')
CcmK4 contains a native cysteine (C44) mapping to the 'concave' face, and the A77C
position maps to the 'convex' face of this hexamer. CcmL also contains a native cysteine
(C7) which is solvent exposed and accessible to fluorophore labeling.
Interactions between pairs of carboxysomal shell proteins were investigated using
steady state fluorescence intensity measurements. For each interaction experiment,
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'donor' protein was incubated with an 'acceptor' protein of interest, as well as an
unlabeled 'acceptor' protein (i.e. no conjugated fluorophore) to act as a negative control.
'Donor' and 'acceptor' protein final concentrations were 7 uM and 35 uM, respectively,
unless otherwise stated. The data were analyzed as previously described (see Section
2.7.3), and noted as a % fluorescence value, based on 100% fluorescence observed from
the 'donor' in the absence of 'acceptor' protein.

Steady state measurements were

obtained to build a picture of the interactions that occur between pairs of carboxysomal
proteins. Due to the complexity of possible interaction combinations (in most cases the
'donor' protein can interact with itself as well as with the 'acceptor') as well as the
combinatorial complexity of interaction geometries present (each donor will be
embedded in a two-dimensional array of partially occupied acceptor sites, with a broad
range of pair-wise distances), the corresponding distances were not calculated using
FRET theory; rather the data were used as a qualitative means for measuring the presence
of interactions and various comparative interaction strengths.
3.4.1. CcmK* - CcmK* interactions
CcmK* proteins are proposed to form the facets of the carboxysomal shell by
tiling into large, continuous sheets. However, these models are based on two and three
dimensional crystals composed of only one paralog, and there are no biochemical data
addressing whether unlike components interact (Dryden et al., 2009; Kerfeld et al., 2005;
Tanaka et al., 2009). Interactions between the CcmK* proteins of T elongatus BP-1
were investigated using FRET as described above.
Fluorescence experiments were initated using a PTI fluorimeter in order to obtain
full emission scans of the sample between 350 - 650 nm, using a constant excitation

51

wavelength of 337 nm. Instrument parameters are indicated in section 2.7.1. Preliminary
interaction experiments were conducted using CcmKl and CcmK2 proteins, at
concentrations of 0.25 uM of 'donor' and 1 uM of 'acceptor' in a final volume of 100
uL. In the presence of labeled 'acceptor' CcmKl or CcmK2 protein, the fluorescence
intensity of the CcmK2 donor protein is significantly reduced (Figure 11). The data
suggested that there was energy transfer between 'donor' and 'acceptor' fluorophore
resulting in a fluorescence intensity reduction. These initial interaction experiments were
completed for various pairs of the shell proteins and the occurrence of FRET was
encouraging.
Initial steady-state fluorescence

intensity data obtained in the form of

fluorescence scans were encouraging. Due to the curve irreproducibility as well as the
long time required for obtaining data for full experiments, assaying protein interactions
was performed using a plate reader method, whereby samples could be prepared on the
same plate and could be read in a short period of time, eliminating sample variability due
to the use of a cuvette. Using a plate reader also permits fast data acquision, permitting
equivalent assay incubation times between samples.
Experiments that were conducted on the PTI fluorimeter were transferred to the
BMG Omega plate reader, where assay concentrations and conditions were similar to the
initially conducted PTI fluorimeter experiments. 'Donor' CcmK2 protein was incubated
with 'acceptor' CcmKl protein in an initial volume of 24 uL, incubated for 1 hour, and
brought to a final 100 uT volume in Column buffer (Appendix 1) to give final protein
concentrations of 0.25 uM. CcmK2 was incubated with 'acceptor' labeled CcmKl with
N- and C-terminal hexahistidine tag locations, as well as unlabeled control variants.
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Figure 11. Fluorescence emission scans of CcmK2-IAEDANS in the presence and
absence o f acceptor' proteins.
Fluorescence emission scans between 350 and 650 nm, using an excitation wavelength of
337 nm. The fluorescence intensity (arbitrary units) of 'donor' IAEDANS labeled
protein CcmK2 CHis6 E71C (black) was measured both in the presence and absence of
labeled 'acceptor' proteins CcmKl (red) and CcmK2 (yellow). The emission scan of
'donor' CcmK2 was also measured in the presence of unlabeled CcmKl (purple) and
CcmK2 (dark blue) proteins as a negative control. Labeled 'acceptor' proteins CcmKl
(orange) and CcmK2 (light blue) were scanned in the absence of'donor' protein.
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Each sample was prepared in triplicate, and the experiment was completed separately on
three different days. The buffer blank values were subtracted from all samples, and the
data was normalized to % fluorescence values, as previously described (see Section
2.7.3) and was averaged over the three days.
The data show an interaction between the proteins and demonstrates that the
position of the polyhistidine tag on the acceptor protein CcmKl affects the observed
interaction between the proteins. The 'acceptor' protein CcmKl with a N-terminal His6
tag does not appreciably reduce the fluorescence intensity observed when using the Cterminal His6 variant of CcmKl as the 'acceptor' protein (Table 2a). When both the
donor and acceptor have a C-terminal His6tag, transfer of energy is observed between the
'donor' and 'acceptor' fluorophore; the 44% reduction in fluorescence intensity
demonstrates an interaction between the proteins, and leads to the conclusion that the two
distinctly labeled species interact in such a way as to place the donor and acceptor within
the distance required for FRET with this probe pair.
Experiments were further conducted to investigate the interactions between the
remaining CcmK* proteins.
interactions:

All pairwise combinations of proteins were probed for

CcmK2-CcmKl,

CcmK2-CcmK2,

CcmK2-CcmK4,

CcmKl-CcmKl,

CcmKl-CcmK4, and CcmK4-CcmK4. 'Donor' and 'acceptor' proteins were incubated
at final concentrations of 7 uM and 35 uM, respectively, unless otherwise stated. The
assay was conducted using binding buffer containing 0.2 M imidazole to maintain protein
solubility. 'Donor' and 'acceptor' proteins were prepared at a 2x concentration. Ten
microlitres of both 'donor' and 'acceptor' protein was then added, to a 96 well half area
UV plate, giving a final assay volume of 20 uL. The samples included a 'donor' only
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sample (absence of 'acceptor' protein) as well as a 'donor' in the presence of labeled
'acceptor' sample. The control samples included the 'donor' protein in the presence of
unlabeled 'acceptor', as well as each 'acceptor' protein (labeled and unlabeled) in the
absence of 'donor'.

The plate was protected from light and incubated at room

temperature for 1 hour. The fluorescence intensity of samples was then measured with
the BMG Omega plate reader, using an excitation wavelength of 350 nm and reading the
resulting fluorescence intensity emission at 460 nm. Each sample was performed in
triplicate in each experiment, and each experiment was prepared three times. The average
value from the blank buffer samples was subtracted from each measured experimental
sample and control sample. The buffer-corrected data was then averaged over the three
experiments, and the % fluorescence was calculated, using the average 'donor' only
sample as 100 % fluorescence. The % fluorescence for each sample was calculated using
Equation 2 (see Section 2.7.3).
The % fluorescence of the samples was averaged between the three experiments,
and the standard deviation was calculated. Once the fluorescence intensity data was
measured, the same plate was scanned for absorbance between 250 - 600 nm. This was
to check for any scattering or anomalous samples that erroneously affect the fluorescence
intensity measurement.
Using the above stated procedure, interactions were demonstrated between the
majority of pairs tested, where most interactions were similar in the degree of 'donor'
fluorescence intensity reduction observed, with the exception of the CcmKl-CcmK4 and
CcmK2-CcmK2 pairs (Table 2, 3).
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The self-interaction of CcmK2 (CcmK2-CcmK2) showed a markedly stronger
(68%) reduction in fluorescence intensity compared to all other protein pairs tested
(Table 2c, 3). This suggests that this interaction is either especially tight, or has unique
geometric properties that bring the donor and acceptor unusually close. The crystal
structure of CcmK2 from Thermosynechococcus elongatus BP-1 (Samborska and
Kimber, unpublished) reveals a dodecameric interaction seen between hexamers
mediated largely by the presence of multiple copies of Glu95 on the C-terminal tail of
each protomer (Figure 12). To test whether the interaction resulting from these residues
is responsible for the strength of the observed FRET, a CcmK2 C-His E71C/E95A
variant was generated, purified and labeled, and the self-interaction experiment repeated
(Table 2d). Substitution of the Glu95 with alanine reduces the FRET signal to a level
commensurable with that seen for other protein pairs, suggesting that the E95A
substitution disrupts the strong self-interaction, while still allowing an interaction
comparable to one seen between unlike carboxysomal components. Additionally, the
CcmK2 E95A mutant runs as one oligomeric species when analyzed by native gel
electrophoresis, compared to 2 distinct oligomeric forms observed for WT protein (Figure
12b).

Table 2. Steady state fluorescence intensity data of individual FRET experiments
probing the interactions between individual pairs of carboxysomal shell (CcmK*)
proteins.
The 'experiment' column contains the measurement obtained when both 'donor' (labeled
with IAEDANS) and 'acceptor' (labeled with 5-IAF) species are present. For control 1,
the labeled 'donor' is incubated with 'acceptor' which is unlabeled by 5-IAF. For control
2, no 'donor' is present, only 'acceptor' labeled with 5-IAF. For control 3, only the
'acceptor' protein is present in unlabeled form. Fluorescence intensity for all
measurements is normalized against the fluorescence intensity of IAEDANS labeled
'donor' alone. 'Acceptor' labeling efficiency (Section 2.7.1) is shown in the last column.
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a. Fluorescence intensity data of CcmK2 CHis6 with NHis6 and CHis6 CcmKl labeled
protein variants and unlabeled control proteins. In this initial assay, the proteins were
incubated at a final concentration of 0.25 uM in Column buffer (see text).
'donor'
protein

CcmK2
CHis6
E71C
CcmK2
CHis6
E71C

'acceptor'
protein

CcmKl
CHis6
Q71C
CcmKl
NHis6
Q71C

experiment

56+/-7.1

94 +/- 7.4

control 1

control 2

% fluorescence intensity
100+/-3.1 -4 +/- 6.8

91 +1-22

0 +/- 7.4

control 3

acceptor
labeling
efficiency

-16+/-4.5

21

-9 +/- 2.2

8

%

b. Fluorescence intensity data of CcmK2 CHis6 with CcmKl CHis6 labeled protein and
unlabeled control proteins (7 uM 'donor', 35 uM 'acceptor').
'donor'
protein

CcmK2
CHis6
E71C

'acceptor'
protein

CcmKl
CHis6
Q71C

experiment

control 1

control 2

control 3

% fluorescence intensity
76+/- 1.9
96+/-2.1 -16+/-0.7 -10+/-0.8

acceptor
labeling
efficiency
%

39.3

c. Fluorescence intensity data of CcmK2 CHis6 with CHis6 and NHis6 CcmK2 labeled
protein and unlabeled control proteins (7 uM 'donor', 35 uM 'acceptor').
'donor'
protein

'acceptor'
protein

experiment

control 1

control 2

control 3

% fluorescence intensity
CcmK2
CHis6
E71C
CcmK2
CHis6
E71C

CcmK2
CHis6
E71C
CcmK2
NHis6
E71C

acceptor
labeling
efficiency
%

32+/-1.5

103+/-3.2

-18+/-1.0

-10+/-0.6

20.7

36+/-1.2

101 +1-22

-12+/- 1.4

-7 +/- 1.3

37.6
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d. Fluorescence intensity data of CcmK2 CHis6 with CcmK2 CHis6 protein labeled on the
'convex' protein face (E71C) as well as unlabeled control protein. CcmK2 CHis6
E71C/E95A was observed to be involved in interactions stabilizing dodecamer formation
in T.elongatus BP-1 (Figure 12). 'Acceptor' labeled final assay protein concentrations
were lower than those used in other FRET experiments, at 22 uM compared to 35 uM.
'donor'
protein

'acceptor'
protein

experiment

control 1

control 2

control 3

% fluorescence intensity
CcmK2
CHis6
E71C
CcmK2
CHis6
E71C

CcmK2
CHis6
E71C
CcmK2
CHis6
E71C
/E95A

acceptor
labeling
efficiency
%

50+/- 1.7

99 +/- 2.8

-1.0+/-0.7

3.9+/-0.8

20.7

77 +/- 2.9

91 +/- 2.3

1.0+/-2.5

3.1 +/-0.7

21.9

e. Self-interaction fluorescence intensity data of CcmKl CHis6 with CcmKl CHisr,
labeled protein as well as unlabeled control protein (7 uM 'donor', 35 u.M 'acceptor').
'donor'
protein

'acceptor'
protein

experiment

control 1

control 2

control 3

% fluorescence intensity
CcmKl
CHis6
Q71C

CcmKl
CHis6
Q71C

72 +/- 2.9

85 +/- 4.5

-22+/- 1.3

acceptor
labeling
efficiency
%

-14+/- 1.3

39.9

f. Fluorescence intensity data of CcmK2 CHis6 with CcmK4 CHis6 labeled protein and
unlabeled control protein (7 uM 'donor', 35 uM 'acceptor').
'donor'
protein

'acceptor'
protein

experiment

control 1

control 2

control 3

% fluorescence intensity
CcmK2
CHis6
E71C

CcmK4
CHis6

83 +/- 2.0

99 +/- 2.4
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0.2 +/- 0.7

'acceptor'
labeling
efficiency
%

5.5 +/- 0.5

73.3

g. Fluorescence intensity data of CcmKl CHis6 with CcmK4 CHis6 labeled protein and
unlabeled control protein (7 uM 'donor', 35 uM 'acceptor').

'donor'
protein

'acceptor'
protein

experiment

control 1

control 2

control 3

acceptor
labeling
efficiency
%

10+/-0.6

73.3

% fluorescence intensity
CcmKl
CHis 6
Q71C

CcmK4
CHis 6

96 +/- 2.5

113+/3.1

2.7 +/- 0.9

h. Fluorescence intensity data of CcmK4 CHis6 with CcmK4 CHis6 labeled protein at
positions C44 and A77C, as well as unlabeled control proteins. This protein pair is
presented to test a self-interaction of CcmK4 protein, despite being labeled at 2 positions.
On account of being labeled at two positions, the results are not comparable to the other
FRET interaction data (7 [xM 'donor', 35 uM 'acceptor').

'donor'
protein

'acceptor'
protein

experiment

control 1

control 2

control 3

acceptor
labeling
efficiency
%

-29 +/- 5.6

100

% fluorescence intensity
CcmK4
CHis 6

CcmK4
CHis 6

74 +/- 1.3

96+/-2.1

-33+/-4.1

Table 3. Summary of steady state fluorescence intensity data obtained for interactions
between various CcmK* proteins.
'Donor' protein
(IAEDANS)
CcmK2CHis 6 E71C
CcmK2CHis 6 E71C
CcmK2CHis 6 E71C
CcmKl CHis6Q71C
CcmK2CHis 6 E71C
CcmKl CHis6Q71C
CcmK4 CHiSfi A77C

+
++

'Acceptor' protein
(5-IAF)
CcmKl CHiSfi
CcmK2CHis 6 E71C
CcmK2NHis 6 E71C
CcmKl CHis6Q71C
CcmK4 CHis6 C44
CcmK4CHis 6 C44
CcmK4CHis 6 A77C

%
Fluorescence
76+/-2.1
32+/- 1.5
36 +/- 1.2
72 +/- 2.9
83 +/- 2.0
96 +/- 2.5
74 +/- 1.3

interaction between donor and acceptor proteins
strong interaction between donor and acceptor proteins
no interaction between donor and acceptor proteins
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'Acceptor'
labeling
39.3%
20.7%
37.6%
39.9%
73.3%
73.3%
100%

Interaction*
+
++
++
+
+
+
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Figure 12. Dodecamer CcmK2 structure from Thermosynechococcus elongatus BP1.
Side view of the dodecamer CcmK2 structure from 7eBP-l (A), with each hexamer
coloured separately. Residues at the dodecameric interface are depicted as sticks, and are
postulated to stabilize the observed dodecameric protein form (A). Specifically, glutamic
acid residues from each monomer (residue Glu95) are proposed to be critical for this
oligomeric form. WT CcmK2 migrates as two distinct species on a native gel, whereas a
Glu95Ala mutation migrates as one oligomeric form (B). Sequence alignment of CcmK2
homologs shows conservation of the residues localized to the interaction interface,
specifically Glu95 and Glu98, shown with cyan arrows (C).
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3.4.2. Investigating vertex CcmL interactions with shell facet CcmK* components
Based upon general geometric principles of icosahedral geometry as well as
models built using the CcmKl and CcmL structures, CcmL pentamers are postulated to
form the vertices of the carboxysomal shell.

Interactions between CcmL and shell

proteins CcmKl, CcmK2 and CcmK4 were investigated used FRET, as previously
described. CcmL contains a cysteine at position 7, which is surface exposed and was
utilized for labeling in these experiments. 'Donor' CcmL was used at a final
concentration of 7 uM and 'acceptor' proteins were used at a final concentration of 35
uM. 'Acceptor' labeled proteins CcmKl, CcmK2, and CcmK4 were found to decrease
the fluorescence intensity of the 'donor' protein CcmL, where each show a similar
amount of reduction, despite variation in labeling efficiencies (Table 4, 5).

Table 4. Steady-state fluorescence intensity measurements of individual FRET
experiments, probing CcmL - CcmK* interactions.
a. Fluorescence intensity data of CcmL with CcmK2 CHis6 protein labeled either on the
'convex' (E71C) or 'concave' (K36C) hexameric face, along with unlabeled controls (7
uM 'donor', 35 uM 'acceptor').

'donor'
protein

'acceptor'
protein

experiment

control 1

control 2

control 3

% fluorescence intensity
CcmL

CcmL

CcmK2
CHis6
E71C
CcmK2
CHis6
K36C

acceptor
labeling
efficiency
%

76 +/- 2.3

105+/-3.2

-13+/- 1.0

-10+/- 1.0

41.7

73+/- 1.9

96+-4.1

-14+/- 1.6

-8+/- 1.9

28.1
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b. Fluorescence intensity data of CcmL with CcmKl CHis6 (Q71C) labeled protein, as
well as unlabeled control protein (7 uM 'donor', 35 uM 'acceptor').

'donor'
protein

'acceptor'
protein

control 1

experiment

control 2

control 3

acceptor
labeling
efficiency

% fluorescence intensity
CcmKl
CHis6
Q71C

CcmL

76 +/- 1.6

97 +/- 2.4

-17+/- 1.3

%

-12+/-0.9

39.3

c. Interaction data of CcmL with CcmK4 CHis6 labeled protein, as well as unlabeled
control protein (7 uM 'donor', 35 uM 'acceptor').

'donor'
protein

'acceptor'
protein

experiment

control 1

control 2

control 3

acceptor
labeling
efficiency

% fluorescence intensity
CcmL

CcmK4
CHis6

76 +/- 2.2

88 +/- 4.2

1.6+/-0.5

%

7.4 +/- 0.7

73.3

Table 5. Summary of steady state fluorescence intensity data obtained for interactions
between the putative vertex protein CcmL, and various CcmK* proteins.
'Donor' protein

'Acceptor' protein

CcmL
CcmL
CcmL
CcmL

CcmK2
CcmK2
CcmKl
CcmK4

IAEDANS
IAEDANS
IAEDANS
IAEDANS

% Fluorescence

CHis6 E71C 5-IAF
CHis6 K36C 5-IAF
CHis6 Q71C 5-IAF
CHis6 5-IAF
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76 +/- 2.3
73+/-1.9
76+/- 1.6
76 +/- 2.2

'Acceptor'
labeling
41.7%
28.1%
39.3 %
73.3 %

3.4.2. Investigating the interactions between CcmM and CcmK*
CcmM is believed to function as the central organizing "scaffold" protein for the
|3-carboxysome, and is thought to mediate interactions between the shell and the interior
of the carboxysome (see Figure 7) (Cot et al., 2008; Long et al., 2007b). Interactions
between CcmKl/CcmK2 and CcmM 193 were investigated using FRET. Similar to the
above experiments, two CcmK2 protein constructs were used to probe the sidedness of
the hexameric shell facet protein; one labeled on the 'convex' face of the hexamer
(E71C), and one on the 'concave' face (K36C) (Appendix 3, Figure 1). Two thiol
labeling sites were also introduced on CcmM 193 at positions K41C or A131C, where the
K41C labeling site is positioned closer to the C-terminal portion of the (3-helix where the
four small subunits of the protein are located (Appendix 3, Figure 2). Position A131C is
closer to the aA helix of CcmM.
Steady state fluorescence intensity data demonstrate an interaction between
CcmM193 and shell proteins CcmKl/CcmK2. The labeled 'concave' face of CcmK2
shows the greatest reduction in fluorescence intensity when incubated with CcmM 193,
specifically with the A131C labeled 'donor' site (Table 6). Similarly, the interaction
between CcmKl and CcmM 193 labeled at position A131C results in a greater reduction
in fluorescence intensity.
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Table 6. Steady state fluorescence intensity data obtained for interactions between
CcmM193 and CcmKl/CcmK2 proteins (7 uM 'donor', 35 uM 'acceptor').
experiment

'donor'
protein

'acceptor' protein

CcmM193K41C
CcmM193 A131C
CcmM193K41C
CcmM193K41C
CcmM193 A131C
CcmM193 A131C

CcmKl CHis6Q71C
CcmKl CHis6Q71C
CcmK2CHis 6 E71C
CcmK2 CHis6 K36C
CcmK2CHis 6 E71C
CcmK2 CHis6 K36C
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control 1

% fluorescence intensity
93 +/- 2.6
71 +/-0.7
97+/-3.1
68 +/- 2.3
79 +/- 3
68 +/- 4
71 +/- 6
63 +/- 6

acceptor
labeling
efficiency
%

39.9
39.9
41.7
28.0
41.7
28.0

CHAPTER 4: DISCUSSION

4.1. Interactions
4.1.1. CcmK* interactions
The facets of the polyhedral carboxysome emerge from interactions between
thousands of copies of the various carboxysomal shell proteins. Crystal structures of the
various shell proteins from both a - and (3-carboxysomes, as well as low resolution 2D
crystal structures determined by electron microscopy are consistent with the hexagonal
hexameric CcmK* proteins tiling into a regular, possibly gapless monolayer of protein
(Dryden et al., 2009; Kerfeld et al., 2005; Tanaka et al., 2009). While packing between
adjacent hexamers in the lattice is generally tight, slight differences in the details of
packing are seen between paralogs or even between different crystal forms of the same
paralog. For example, deletion of the C-terminal tails of CcmK 1 and CcmK2 (residues 92
- 1 1 1 and 92 - 103, respectively, argued to be the most flexible region of the CcmK*
proteins) results in a tighter hexagonal protein arrangement in crystals (Tanaka et al.,
2009). Electron microscopy experiments conducted to date do not provide the resolution
required to differentiate individual proteins in the shell, or resolve the atomic level details
governing interactions. Therefore, while there is a general model for the properties of the
shell, the methods used do not address several important questions.

It is unknown

whether there are preferred interactions between various CcmK* paralogs, or whether all
possible pair-wise interactions are equally energetically favoured.
question addressed in this research.
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This was the first

The data obtained from FRET experiments using various pairs of CcmK* proteins
demonstrates that CcmKl, CcmK2 and CcmK4 all interact with one another, with the
exception of CcmKl-CcmK4.

Specifically, interactions are seen between CcmKl-

CcmKl, CcmKl-CcmK2, CcmK2-CcmK2, CcmK2-CcmK4, and CcmK4-CcmK4
(Tables 3, 4).

The various pairs exhibit a similar extent of reduction in 'donor'

fluorescence intensity, with the exception of CcmK2-CcmK2 (discussed below). Since
the geometry of the interaction should be similar in each case, and the labeling efficiency
of the 'acceptor' is roughly similar in all cases, we interpret the similar strength of FRET
signal as implying that in all cases, the molecule labeled with the 'donor' is embedded in'
a two dimensional layer of acceptors to approximately the same extent. This suggests
that various combinations of CcmK* proteins readily interact with one another in
solution, and that they do not strongly discriminate between the various shell protein
paralogs when two CcmK* paralogs are present.
To probe the mode of interacting hexagonal proteins, the interaction between
CcmKl and CcmK2 was initially investigated using both an N- and C-terminal His6
tagged version of the 'acceptor' protein CcmKl.

From structural data, the CcmK*

protein hexamers are proposed to interact laterally to assemble into a monolayer of
hexagonal protein oligomers. The hexahistidine tag at the N-terminus of CcmKl is
positioned at the proposed lateral interaction face between hexamers, and was found to
sterically hinder the interaction between hexamers. All of the structures where hexamers
are observed to assemble in monolayer sheets have C-terminal His tags (Dryden et al.,
2009; Kerfeld et al., 2005; Tanaka et al., 2009). Conversely, T. elongatus CcmK2
structure determined in our lab from N-terminally His tag labeled protein is unusual in
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having no lateral interactions in the crystal lattice (Samborska & Kimber, unpublished
data). The reduction in fluorescence intensity that is seen when using the C-terminally
His6 tagged CcmKl construct is eliminated when probing the interaction with the Nterminally tagged construct. This result supports the idea that the CcmK paralogs in the
FRET experiments are interacting through lateral interactions similar to what was seen in
the crystal structures, despite the two orders of magnitude difference in the protein
concentrations.
It should be noted that the data collected to date does not provide sufficient
information to fully understand all CcmK* interactions that form the shell. Pair-wise
interactions are necessary to understand the basics of which proteins interact, but does not
address preferences arising from more complex interaction patterns between multiple
components that might occur in vivo (e.g. CcmKl and CcmK2 can interact favourably
with each other or CcmK4, but having all three proteins meeting at one point is
unfavourable). Also, interactions mediated by CcmK3 and CcmO have not yet been
addressed.
4.1.2. CcmK2, the carboxysomal shell 'hub'?
The self-interaction between CcmK2 hexamers shows an anomalously strong
(68%) reduction in 'donor' fluorescence intensity in the presence of CcmK2 acceptor
labeled protein, in comparison to the other CcmK* interactions, which show an
approximate 25% reduction. Although CcmK2 proteins likely interact laterally to form
protein sheets (as implied by two different crystal forms of the Synechocystis sp.
PCC6803 homolog (Kerfeld et al., 2005; Tanaka et al., 2009)), this interaction mode is
proposed to be the common basis of all observed FRET signals. Additional interactions
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are presumably responsible for the strength of the observed CcmK2-CcmK2 signal. A
few experimental details regarding the behaviour of CcmK2 make evident that this
protein behaves distinctly from the canonical hexameric form of the other shell paralogs.
The structure of CcmK2 from Thermosynechococcus elongatus BP-1 reveals that the
protein is a hexamer, very similar in structure to the other solved shell orthologs
(CcmKl, CcmK2, CcmK4, and CsoSIA). However, unlike the other solved structures,
two CcmK2 hexamers interact via their C-terminal helices to assemble into a dodecamer
which is mediated and stabilized through hydrogen bonds from a pair of glutamic acid
residues present at the interaction interface (Figure 12). Hydrogen bonding is facilitated
through these residues at the C-terminus and is stabilized by neighbouring arginine and
tyrosine residues. Furthermore, when WT CcmK2 is analyzed by native gel
electrophoresis, two distinct oligomeric species are observed that might correspond to the
hexamer and dodecamer forms of the protein (Figures 9, 12). Similar migration behaviour
has been reported for the Synechocystis sp. PCC6803 protein (Tanaka et al., 2009). The
hexameric rings stack in a way that does not occlude the lateral interaction surfaces
required for hexagonal 'tiling' behaviour (Figure 4). The dodecamer form of CcmK2
from 7VBP-1 superposes with very minor differences with CcmK2 from Synechocystis
sp. PCC6803, which tile in a hexagonal fashion, demonstrating that the dodecamer form
seen in TeBP-l retains the protein conformation required for lateral interactions (Figure
13). To investigate the hypothesis that this strong reduction in fluorescence intensity is a
result of forming this dodecamer, the glutamic acid residue mediating the interaction
interface was changed to an alanine residue (E95A). The FRET experiment was repeated
using both Glu95 (wild type for this position) and Glu95Ala CcmK2 (fluorescently
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interface (between arrows)

Figure 13. Superposition of CcmK2 from 7>BP-1 on the lattice of CcmK2 from
Synechocystis sp. PCC6803, showing lateral hexamer packing.
Dodecamer geometry is compatible with both hexamers of the CcmK2 dodecamer
partaking separately in back-to-back protein sheets that show canonical shell packing
interactions. It is apparent that the CcmK2 dodecamers from 7eBP-l can simultaneously
pack into a pair of back-to back sheets, with minimal repacking of the interactions seen in
Synechocystis CcmK2; far larger packing differences are observed between packing in
Synechocystis CcmK2 and other CcmKl and CcmK2 crystal forms.
A) Two adjacent hexamers of Syn6803 CcmK2 are shown packed as observed in the
crystal structure (form II deletion, PDB ID 3DNC), and was automatically generated
from crystal symmetry transformations in pymol (red ribbon, bottom). Packing between
these two hexamers is as observed in the crystal, and has been argued to represent
packing between adjacent CcmK* hexamers as seen in the carboxysome facet (Tanaka et
al., 2009). Subsequently, a CcmK2 dodecamer from the CcmK2 structure from T.
elongatus (Samborska and Kimber, unpublished) was superposed on each of the two
hexamers from the 3DNC lattice (cyan). Finally, a layer model, comprised of the same
two hexamers from 3DNC, is added by superposing one hexamer on the leftmost
dodecamer (yellow), to then form a second layer of hexamers (yellow, top).
B) The same figure as in A, except that it has been rotated 90° and the lower layer of both
3DNC and the two dodecamers have been omitted for clarity.
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labeled at position Glu71Cys) as acceptor proteins, at a final concentration of 22 uM
(previous experiments were conducted at an acceptor final concentration of 35 uM).
Both acceptor proteins were labeled with the same efficiency, meaning that the reduction
in fluorescence intensity could be compared without considering differences in the extent
of labeling. The Glu95 acceptor protein results in a 50% reduction in fluorescence
intensity compared to the 23% reduction seen from the Glu95Ala mutant.

This

demonstrates that residue Glu95 is important for the strong self-interaction seen for
CcmK2, but this mutation does not interfere with the lateral inter-hexamer interactions
allowing the "normal" weaker FRET signal to be observed in this mutant. When the
Glu95Ala mutant is compared to WT protein using native gel electrophoresis, CcmK2
Glu95Ala separates as one distinct oligomer, and appears to disrupt the interaction
required to stabilize the second oligomeric form in solution (Figure 12). The Glu95Ala
mutant migrates at a different rate compared to the WT protein as a result of the
difference in overall charge attributed from the mutation (-2.8 overall charge for the
E95A hexamer at pH 8.8 compared to -8.8 for the WT hexamer). Although oligomers of
the same hydrodynamic radius are being separated (in the case of hexamers for example),
their difference in overall charge affects their mobility in the gel.
CcmK2 present as a dodecamer in solution has previously been hypothesized
from structural and native gel data of CcmK2 C-terminal, residue 92 - 103, deletion
mutants from Synechocystis sp. PCC6803 (Tanaka et al., 2009). The two oligomeric
forms are seemingly stable, and have been separated by other research groups from
Synechocystis PCC6803 using gel filtration chromatography (Dryden et al., 2009).
Differences in self-interaction between the two forms were observed, where the low
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molecular weight - presumably hexameric - form can form ordered sheets that can be
observed in 2D crystals, compared to the aggregates observed for the higher molecular
weight species. The CcmK2 dodecamer form observed from the T. elongatus crystal
structure, FRET and native gel data demonstrate that this interaction is a relevant and
strong interaction in solution. The data presented in this thesis supports the hypothesis
that the interaction resulting in a dodecamer is mediated by the C-terminal helix, and is
disrupted in the Glu95Ala mutant.

Furthermore, the data supports the idea that the

CcmK* C-termini are important in protein interactions and may be further implicated in
interactions with the interior of the carboxysome.

Sequence alignment of CcmK2

homologs demonstrates that the residues at this interaction interface (Glu95, Glu98, and
Arg92) are universally conserved between species (Figure 12c).
Despite their sequence and structural similarity, CcmKl and CcmK2 have been
shown to behave differently with regard to protein packing and interactions involving
their C-termini, and again, may be important for subtle functional differences and protein
interactions (Dryden et al., 2009; Tanaka et al., 2009). Although two distinct oligomeric
forms of CcmKl from 7eBP-l were separated by native gel electrophoresis (Figure 9),
the strength of the observed FRET signal for self-interaction does not compare with the
CcmK2 self-interaction. This suggests that although two forms of CcmKl (presumably
hexamer and dodecamer) are present, the dodecamer interaction is weaker and transient.
It should be noted that the relevant glutamate residues are also present in CcmKl, but
possibly the additional 11 residues found at the C-terminus of CcmKl has a role in
weakening this interaction. CcmK2 is likely to be the most abundant protein in the
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carboxysomal shell, where CcmKl could be present to increase copy numbers of
hexameric proteins in the shell.
Investigations of (3-carboxysomes by transmission electron microscopy have led
to suggestions that the protein shell is 5-6 nm thick (Kaneko et al., 2006). This would be
consistent with a double protein layer formed from dodecameric building blocks, given
that each hexamer is -20 A thick. Two-layered organization of BMC proteins has also
been shown in a recent crystal structure of carboxysomal protein CsoSlD from
Prochlorococcus strain MED4. This protein contains two fused permuted BMC domains
that trimerize to form a pseudohexamer which further dimerizes into a two-layered
structure (Klein et al., 2009). It should be noted that both CcmK2 dodecamers (from
7eBP-l) and CsoSlD dodeacamers use ring-ring interactions mediated by the concave
side.

The FRET data indicates that the dodecamer form of CcmK2 is able to

simultaneously mediate lateral interactions. The presence of a dodecameric structure in
CcmK2 suggests that the carboxysomal shell may be locally double layered in regions
where CcmK2 predominates. The failure of CcmK4 and CcmKl to form similar
interactions implies that it is unlikely that the entire carboxysome exhibits a doubleshelled geometry.

4.1.3. Interactions between the proposed vertex protein CcmL, and the CcmK*
proteins
The structure of CcmL from both Synechocystis sp. PCC6803 as well as
Thermosynechococcus elongatus BP-1 reveals a pentameric, wedge shaped fold whose
edges match the 40 A edge lengths of the shell proteins (Figure 6) (Tanaka et al, 2008)
(Kimber, unpublished data). It has been postulated that the wedged shape oligomer of
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this protein forms the vertices of the carboxysomal shell; this idea is supported by
knockout studies in a-carboxysomes, where its absence results in elongated and aberrant
carboxysomes (Cai et al., 2009; Price et al., 1993). CcmL has been modeled as
occupying the pentagonal vertices of the carboxysome with the broad 'base' facing the
exterior of the carboxysome; however, direct biochemical evidence showing that it
interacts with the CcmK* proteins that comprise the facets is lacking (Tanaka et al.,
2008).
The FRET data demonstrates that CcmL interacts with the CcmK* proteins
(Table 4, 5). Similar interaction strengths are seen between CcmL and C-terminally His
tagged CcmKl, CcmK2, and CcmK4. The geometry of the interactions (the 'sidedness'
of CcmL in relation to the shell hexamers) remains uncertain, since the positions of the
fluorescent labels on CcmK2 do not differ much (<5 A) in their distance from the lateral
interaction face, and does not result in a significant difference in the FRET signal.
When purified CcmL is analyzed using native gel electrophoresis, two species
separate on the gel, very closely spaced together (Figure 9). Although crystallized as a
pentamer, this could indicate that the protein is able to form both pentamers and
hexamers in solution. The small difference in migration between the species can be
attributed to the difference in hydrodynamic size (the pentamer is more compact and
should travel further in the gel) as the mass to charge ratio should be the same for both
species. Although subtle, separation of the two distinct species is important as it possibly
is differentiating functionally distinct oligomeric species of CcmL. A close homolog of
CcmL in the Eut microcompartment protein EutN, was found to form hexamers in two
independent crystal structures (Forouhar et al., 2007). The protomer structure of shell
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protein EutN superimposes with CcmL with an rmsd of 1.3 A (Tanaka et al., 2008). The
close alignment and superposition of the hexameric EutN protein with CcmL makes the
formation of hexamers structurally plausible.
4.1.4. Interactions between the shell proteins and the interior of the carboxysome
Protein interaction experiments using protein binding assays as well as
yeast/bacterial two hybrids previously established that CcmM, which is located on the
interior of the carboxysome, interacts with the CcmK* proteins (Cot et al., 2008; Long et
al., 2007b). CcmM appears to function as a central scaffolding protein that interacts with
both the shell and the carboxysomally encapsulated proteins. It is unknown which 'side'
('convex' or 'concave') of the shell hexamers faces the interior of the carboxysome and
interacts with CcmM, and the orientation of CcmM on the interior of the carboxysome is
yet to be determined. Knowledge of the sidedness of the shell proteins is critical to better
understand interactions between the carboxysomal shell proteins (especially CcmL with
CcmK*), and between the shell and encapsulated components.
CcmM209 is a catalytically active N-terminal domain construct of the CcmM
protein and contains a functionally critical disulfide bond between residues Cysl94 and
Cys200 (Pena et al., 2010). Although the disulfide is important for catalytic activity
when encapsulated in the oxidative environment of the carboxysome, the CcmM 193
construct was chosen for FRET experiments.

This permits the introduction of site-

specific cysteine residues by site-directed mutagenesis for use in fluorescent labeling of
specific protein positions, without the complication of additional labeling at Cysl94 and
Cys200 which would, in any case, prevent formation of the functionally critical disulfide
bond. It should be noted that the CcmM193 is likely to reflect the reduced structure of
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CcmM that is present during the assembly of the carboxysome, and that in many CcaA
containing species the cysteine residues are absent (Pena et al., 2010).
An interaction between CcmM and shell proteins CcmKl/CcmK2 was observed
using FRET. Interactions with CcmK4 were not tested. The interactions between the
different CcmK* proteins and CcmM were similar with regard to the observed reduction
in fluorescence intensity. The data show that the 'concave' face of CcmK2 is positioned
closer to both CcmM 193 labeling sites when compared with CcmK2 labeled on the
'convex' face. This suggests that the 'concave' face containing the C-terminal tails is the
side of CcmK2 that interacts with the interior organizing protein CcmM. The extent of
labeling for both acceptor proteins is important to note, since the strength of the observed
FRET is dependent on fractional labeling of acceptor protein (Lakowicz, 2006). The
labeling efficiency is 42% for the 'convex\ labeling site on CcmK2, whereas the
'concave' face is only 28% labeled. In the context of both CcmM labeling sites, CcmK
acceptor labeled on the concave face exhibits a stronger FRET signal, implying that with
equal labeling, the differences in interaction strength are likely to be even more
substantial than that observed.
The two most probable ways that CcmM and the CcmK* proteins are likely to
interact is by aligning the three-fold axis of CcmM with either the six-fold axis of CcmK,
or with the three-fold axis that is formed where three CcmK hexamers meet (Figure 4 and
Appendix 3, Figure 2). This alignment of symmetry axes allows the same interactions to
be used by each protomer of CcmM, rather than mediating distinct interfaces with each
protomer. Consistent with the C-terminal end of the (3-helix mediating interactions, the
sequence of the aA helix of CcmM is far more conserved than the opposite end.
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Furthermore, the structural rearrangements that occur as CcmM switches from the
inactive CcmM 193-like conformation to the active CcmM209-like conformation do not
appreciably shift the aA helix (Pena et al, 2010). An interaction through the aA helix
would make it insensitive to the structural rearrangements that occur upon oxidative
activation of CcmM in the intact carboxysome. CcmM could therefore interact with the
shell both during assembly and once the carboxysome is assembled. The data presented
here supports the hypothesis that CcmM interacts with the shell through the aA helix,
and further demonstrates that the interaction is likely mediated through the C-terminal
tails of CcmK* proteins.
Although the data suggest that the 'concave' face of CcmK2 interacts with
CcmM, this same interface is buried in the above described dodecamer form of CcmK2.
CcmM and CcmK2 therefore compete for the same interface of CcmK2. Clearly CcmM
can compete with the dodecameric interactions, as these interactions are not precluded in
any of our experiments. It is at least theoretically possible that lateral and dodecameric
interactions we observe in CcmK2 in vitro may not be occurring simultaneously with a
given hexamer, but rather represent two distinct subpopulations within the experiment; in
this case CcmM may only be interacting with the sub-population that interacts laterally.
Alternatively, CcmM may simply displace the dodecamer on the interior of the shell, or,
as CcmM is present in the carboxysome in very small quantities relative to CcmK* (Long
et al., 2007), CcmM may simply prefer to interact with other shell proteins during in vivo
assembly. Further experiments are required to investigate the molecular details behind
CcmM interaction with shell proteins (see Future directions, section 4.2).
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4.1.5. The nature of the observed interactions, and the role of imidazole
It is important to note that the reduction in fluorescence intensity observed for the
interacting shell protein pairs is generally lower than one would expect from a simple
model where each oligomer is fully immersed in a shell-like environment. For the labeled
pair used in these experiments, a single donor-acceptor interaction at a distance of 50 A,
would be expected to result in an energy transfer efficiency of 50%. The closest distance
between Glu71 labeling sites on adjacent CcmK2 hexamers is -40 A; inspection of shelllike packing models suggests that there are eight sites that are ~50 A in distance from the
same labeling site, in a CcmK2 protein monolayer (Figure 14). This suggests that, even
with fractional labeling, there should be at least one acceptor at, or within, the Forster
distance (as well as many additional ones just outside this range) and therefore, all
experiments that produce lateral CcmK*-CcmK* interactions would be expected to
attenuate fluorescence by amounts greater than 50%. The most likely scenario that
explains the relatively weak interactions observed is that, at any given time, only a
fraction of donor labeled CcmK* hexamers are engaged in interactions with acceptor
labeled molecules, while the rest are presumably forming isolated hexamers. Where
hexamers do interact, these assemblies may be relatively small, with perhaps only three
or four hexamers. What we are most likely observing in these experiments is therefore
not the interactions of a mature shell, but rather an early pre-assembly environment,
where hexamers interact reversibly in smaller groups before forming a protein sheet. This
scenario (an equilibrium of small assemblies and isolated hexamers) is also consistent
with the relative insensitivity of our experiments to acceptor labeling efficiencies.
Individual donors are either completely isolated from acceptors (as free hexamers) or
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Figure 14. Geometry of Glu71Cys labeling sites in lateral hexamer interactions of
CcmK2.
Depiction of a CcmK2 hexamer (centre, gray) surrounded by neighbouring CcmK2
hexamers (green) in a monolayer sheet, where individual Glu71 residues are shown as
spheres. Lines are drawn to connect one Glu71 residue in the central hexamer (red) to
the closest Glu71 residues on adjacent hexamers, Distances between sites are shown in
Angstroms, where a majority of the distances range between 38 - 60 A. Proteins which
are embedded in such a protein sheet are surrounded by many available acceptor sites,
even with fractional fluorophore labeling of acceptor protein.
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embedded in an environment with many nearby acceptors that efficiently quench
fluorescence; reducing the acceptor density (by reducing labeling efficiency) does not
affect the fluorescence of the free donors, which dominate the signal, while allowing only
a small increase in the fluorescence of the embedded donor population.
The observed fluorescence attenuation signal that arises because of interactions
between acceptor labeled protein and donor labeled protein depend not only on the
interaction strengths and the fractional labeling, but also upon the equilibrium between
hexamers and larger assemblies. Because of limitations of material availability, as well as
the limited dynamic range of the instruments used, the protein concentration in these
experiments is low in comparison with what would be found in vivo during carboxysome
assembly. This will tend to favour isolated hexamers. Also, extraneous experimental
factors such as the presence of high concentrations of imidazole - which affects protein
solubility - are likely to play a large role in the observed outcome of the FRET
experiments.
Self-interacting shell facet proteins CcmKl and CcmK2 are relatively insoluble
when imidazole is not present in their storage buffer.

High protein concentrations

initially eluting from the nickel affinity column often resulted in insoluble protein that
was reversed when diluted in elution buffer.

Removal of imidazole during buffer

exchange steps to a concentration lower than 0.2 M resulted in reversible protein
insolubility.

The rapid removal of this buffer component (by diluting concentrated

protein into the destination buffer) affects the interactions and self-associations between
Tike' shell proteins. The high concentrations of imidazole could be ameliorating the
electrostatic interactions occurring between the shell proteins and functions to maintain
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the protein at higher concentrations in solution. Similar solubilizing effects of imidazole
have been reported for a hexahistidine tagged antibody fragment, where the antibody was
solubilized and its function was not compromised (Hamilton et al., 2003).
The FRET experiments in this thesis were conducted in binding buffer containing
0.2 M imidazole (Appendix 1). This was required in order to avoid producing protein
aggregates, which would reduce the dissolved protein concentrations by unpredictable
amounts and promote scattering, which negatively impacts FRET experiments. The
complication is that aggregation may be arising from the same interactions that we are
attempting to measure in our experiments; by limiting aggregation, we may also be
suppressing the very interactions our experiments are designed to measure. An additional
complication is that for interactions to be observable in these experiments, they need to
be occurring in a state of dynamic equilibrium, rather than being permanently embedded
in a "fixed" interaction network. This is because the donor and acceptor samples can both
self-interact, as well as interact with one another; strong, slow-exchanging selfinteractions would prevent cross-interactions being observed on experimental time scales.
Experimental conditions that produce overly strong interactions are therefore likely to not
give a measurable FRET signal in simple pair-wise mixing experiments.
In conclusion, the experiments in this thesis likely probe short range, dynamic
interactions at the initial assembly state, rather than the mature - presumably "fixed"
interactions that characterize the mature carboxysome. Since the interactions are all local,
however, it is not unreasonable to assume that the interactions observed in these
experiments are also pertinent to the mature carboxysome. Further experimentation using
donor fluorescence lifetime measurements will allow the effects of fractional occupancy
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of interactions and interaction distances to be disentangled. Experiments aimed at
reducing imidazole concentrations to the bare minimum, or replacing imidazole with a
chemically dissimilar additive may help resolve whether the true, in vivo strength of these
pairwise interactions is stronger than we have observed so far. Experiments with low
donor, but high acceptor concentrations, may help force the equilibrium towards greater
interaction without overwhelming the sensitivity of the instrument.

4.2. Future directions
We now have developed protocols for obtaining FRET interaction data from the
carboxysomal shell proteins, as well as a diverse library of proteins, mutants, and labeling
variants; this sets the stage for more detailed investigations of the interactions between
the various carboxysomal shell proteins.

Numerous hypotheses regarding the

mechanisms underlying shell assembly can potentially be tested in vitro. Together with
the structures and EM data, these experiments would help build a more detailed atomic
level model of the (3-carboxysome.
Steady-state fluorescence intensity measurements can be used to further probe the
interactions within the carboxysomal shell. The interactions should be tested at various
concentrations, as well as with different protein combinations. The following examples
illustrate FRET experiments that can be used to test various hypotheses.
While the data we have obtained is consistent with the various shell proteins
interacting through the lateral interactions observed in various crystals, this idea can be
directly tested by creating labeled CcmK* protein variants where conserved residues
mapping to the interaction face are non-conservatively changed. The Arg80Ala mutant in
CcmK2 would be one such construct. The relative affinities of various CcmK* proteins
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for one another can be tested by titrating in a third, unlabeled protein while probing a
specific interacting pair using FRET.
Future FRET experiments should include time-resolved data for donor lifetime
measurements. Time-resolved data would support the reported steady-state data and may
provide more information regarding the effect of interactions on the donor lifetime, since
lifetime donor measurement is concentration independent, making it distinct from steadystate measurements. These measurements are far more labour intensive however, so this
method is best suited for confirming select, critical steady state observations.
The interaction between CcmM and the shell proteins requires

further

investigation. The hypothesis that CcmM competes for interaction with the dodecameric
form of CcmK2 would be tested by performing the CcmK2-CcmK2 FRET experiment, in
the presence/absence of unlabeled CcmM protein. The current data suggest that the
'concave' face of CcmK2 interacts through its C-terminal helix with CcmM. Additional
experiments are required to confirm that the interaction is mediated by the aA helix of
CcmM. In addition to confirming the interactions using time-resolved donor lifetime
measurements (see above), mutations should be created in the aA helix region (Gin 162,
for example) that, should they abolish the interaction, would confirm that this is the
interaction interface used by CcmM. The existing Glu95Ala mutation could be used to
confirm that the concave side of CcmK2 is indeed the interacting face. Crystallization of
the CcmK2-CcmM interacting co-complex is also a worthwhile goal as it would provide
atomic level details of this interaction, and would show that the interaction can occur in
the pre-assembled form of the carboxysome.
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The interactions that are discussed in this thesis can further be probed using other
biochemical and biophysical methods. Native gels, pull-down protein binding assays,
and protein co-expression can be used to confirm interacting partners.

Isothermal

titration calorimetry can then be used to directly study the affinities of interaction and
may

give

a

means

of

comparing

the

interaction

affinities

in

terms

of

association/dissociation constants; these experiments may prove challenging, as the
proteins self interact as well as interact with other proteins. The kinetics of the interaction
could be followed through injection experiments using the Omega plate reader.
Fluorescence intensity measurements read in a time course this way can provide
information regarding the onset of interactions and changes in interactions occurring over
time. This would likely give insight into the speed of onset, and whether the observed
fluorescence intensity changes over time or reaches an equilibrium.
Obviously our ability to model the shell depends upon having experimentally
determined structures for all components. To date, no structure is known for CcmK3, or
CcmO, while CcmK4 is sufficiently divergent in 7eBP-l that obtaining this structure
would also be desirable. Alternative cloning strategies from those used in this thesis are
required for the proteins CcmK3 and CcmO. CcmK3 is difficult to express in E.coli, and
has to date always been located in the insoluble cell fraction upon lysis, preventing
successful purification. Worth investigating is the idea that a short stretch of amino acids
included at the N-terminus of CcmK3 and unique to the TeBP-1 protein may be a gene
annotation artifact; in this case, recloning the protein so that it omits this rather
hydrophobic region may improve solubility. A bulkier purification tag such as GFP
could be fused to the N-terminus used to try and minimize any self-interactions that are
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occurring after expression of the protein. Alternatively, cloning into a SUMO expression
system would also allow for expression with a larger fusion tag, and would permit
cleavage of SUMO to give native CcmK3 protein. Additional constructs of varying
lengths of CcmO need to be built with the purpose of producing a protein with higher
solubility and good expression levels.

Constructs would include both CcmK-like

domains as well as a portion of the C-terminal domain region (Figure 10), which would
likely aid in crystallization attempts.

4.3. Conclusions
A FRET-based

method

was developed

to

assay

interactions

between

carboxysomal shell proteins. Interactions of comparable strengths were demonstrated
between various CcmK* paralogs, and the previously proposed lateral mode of
interaction, leading to tiling, between CcmKl and CcmK2 is supported by the data.
CcmK2 appears to have a distinct, strong self-interaction that is attributed to the
formation of a dodecamer that is stabilized by hydrogen bonding from residue Glu95 of
each monomer in the hexamers.

The putative vertex protein CcmL interacts with

CcmKl, C c m O , and CcmK4 hexamers with similar affinity, although the orientation of
CcmL relative to the shell facet proteins is uncertain. The sidedness of the shell proteins
was investigated by measuring the interaction between CcmK2 and CcmM, where there
are indications that the C-terminal 'concave' face of CcmK2 is positioned closer to
CcmM, and thus, the interior of the carboxysome. Furthermore, it is proposed that the
interaction is mediated through the aA helix of CcmM, providing a symmetry match
between the shell proteins and CcmM. Further experimentation is required to confirm the
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interactions, and dynamic lifetime donor measurements can provide a more sensitive
measure of interaction distance ranges.
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APPENDIX 1: Reagents
The following recipes were used to make the buffers and gels used for work in this thesis.
Reagents requiring sterilization by autoclaving were autoclaved for 20 minutes at 121°C
(L20 cycle).
Binding buffer
20 mM Tris
0.5 M NaCl
10% (v/v) glycerol
pH to 7.9 with concentrated HC1
Filter through a 0.2 um Millipore filter.
Store at 4°C

Wash buffer
20 mM Tris
0.5 M NaCl
10% (v/v) Glycerol
10 mM Imidazole
pH to 7.9 with concentrated HC1
Filter through a 0.2 urn Millipore filter.
Store at 4°C

Elution buffer
20 mM Tris
0.5 M NaCl
10% (v/v) Glycerol
0.5 M Imidazole
pH to 7.9 with concentrated HC1
Filter through a 0.2 |im Millipore filter.
Store at 4°C
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Column buffer
20 mM Tris
50mMNaCl
10% Glycerol
pH to 7.9 with concentrated HC1
Filter through a 0.2 urn Millipore filter.
Store at room temperature.

5x cohesive buffer
250 mM Tris-HCl stock, pH 7.6
50 mM MgCl2
25% (w/v) polyethylene glycol molecular weight 8000 (PEGsooo)
Dissolve mixture by vortexing, and applying heat if necessary to dissolved the PEGsoooAfter vortexing, add:
5 mM adenine triphosphate (ATP)
5 mM dithiothreitol (DTT)
Make up to 1 mL with ddLbO, store in aliquots at -20°C.

50x TAE buffer
242 g Tris
57.1 mL glacial acetic acid
100mLof0.5MEDTA
Make up to 1L with ddH 2 0.
Dilute to lx with ddKbO for agarose gels and agarose gel running buffer.

LB broth
10 g Tryptone
5 g Yeast Extract
lOgNaCl
Make to 1L with dLL:0, then autoclave using L20 cycle.

92

LB plates
5 g Tryptone
2.5 g Yeast Extract
5 g NaCl
Make to IL with dH 2 0.
Add 7.5 g Agar
Autoclave using L20 cycle. Add antibiotics as appropriate
Kanamycin sulphate, 30 (ig/mL final concentration
Chloramphenicol, 34 |j.g/mL final concentration
Ampicillin, 50 |j.g/mL final concentration
Pour onto disposable petri plates, and store at 4°C.
2xYT broth
16 g Tryptone
10 g Yeast Extract
5 g NaCl
Make to IL with dH 2 0, then autoclave using L20 cycle.

Super optimal catabolite repression media (SOC)
20 g Tryptone
5 g Yeast extract
0.5 g NaCl
10mLof250mMKCl
975 mL ddH20
Adjust to pH 7.0, autoclave.
Add 5 mL filter sterilized 2 M MgCl2 and 20 mL filter steri
Store at 4°C in 50 mL aliquots.

SDS-PAGE gels
Separating layer (15%):

7.1 mLofddH 2 0
7.5 mL 40% Acrylamide Bis
5mLofl.5MTrispH8.8
0.2mLof 10%(w/v)SDS
immediately prior to pouring the gels, add:
lOOuLof 10%(w/v)APS
lOuLTEMED

93

Stacking layer (6%):

5.9 mL of ddH 2 0
1.5 mL 40% Acrylamide Bis
2.5mLof0.5MTris, pH 6.8
0.1 mLof 10%(w/v)SDS
immediately prior to pouring the gels, add:
50 |aL of 10% (w/v) APS
lOuLTEMED

IPX SDS running buffer
30.3 g Tris base
144 g Glycine
10 g SDS
Make to IL with dH 2 0, store at room temperature.
Dilute to IX with dH 2 0 when needed.

5x SDS-PAGE sample loading dye
1.2 mLof 0.5 M Tris pH 6.8
5 mL of 50% (v/v) glycerol
2 mLof 10%(w/v)SDS
0.5 mL 2-mercaptoethanol
1 mL of 1 % (w/v) bromophenol blue
0.3 mL ddH 2 0
Store at 4°C.

Native acrylamide gels
Separating layer (12%):

14.85 mL ddH 2 0
7.5 mL of 40% Acrylamide Bis
7.5 mLof 1.5 M Tris, pH 8.8
immediately prior to pouring the gels, add:
150 uL of 10% (w/v) APS
15 uLTEMED

Stacking layer (6%):

7.4 mL of ddH 2 0
1.5 mL 40% Acrylamide Bis
3.0 mLof 0.5 M Tris, pH 6.8
immediately prior to pouring the gels, add:
100 uL of 10% (w/v) APS
lOuLTEMED
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1 Ox Native Gel Running Buffer
15gTris
72 g glycine
pH to 8.3 if necessary. Make up to 500 mL with ddH 2 0.
5x Native Gel sample loading buffer
1.55 mL of 1 MTris,pH6.8
0.25 mL of 1% (w/v) bromophenol blue
0.7 mL ddH 2 0
2.5 mL glycerol
Store at room temperature.

Coomassie gel stain
500 mL methanol
100 mL glacial acetic acid
400 mL ddH 2 0
1 g Coomassie Brilliant Blue R-250

Destain
400 mL methanol
100 mL glacial acetic acid
500 mL ddH 2 0
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APPENDIX 2. Primers, plasmid DNA constructs, and purified protein properties.

Table 1. Synthetic oligonucleotide primers used to construct plasmids used in this thesis.
#

Name

Sequence. 5' to 3'

2

CcmK2 E71C
(Top)
CcmK2 E71C(Bot)

3

CcmO (Top)

4

CcmO (Bot)

5

CcmK3 (Top)

6

CcmK.3 (Bot)

7

CcmK4 (Top)

8

CcmK4 (Bot)

9

CcmO E77C (Top)

10

CcmO E77C (Bot)

11

CcmO N8 (Top)

12

CcmO C200 (Bot)

13
14

CcmK4 A77C
(Top)
CcmK4 A77C (Bot)

17

CcmKl CHis (Top)

18

CcmKl CHis (Bot)

19

CcmK2 CHis (Top)

20

CcmK2 CHis (Bot)

21*

CcmKl NHis (Top)

22*

CcmKl NHis(Bot)

23

CcmKl Q71C(Top)

24

CcmKl Q71C(Bot)

CAATGGCGGATGCGTGCTG
TCCACGCAC
GGACAGCACGCATCCGCCA
TTGACACG
GAGCTACATATGGAGCGAC
GGGATGAC
GATGCTGGATCCTATATTG
CCGGTCAGGGATTGG
GAGCTACATATGTTTATTTT
AGGAGCAGTC
ATATCTCGAGAACGAGAAA
ACGCTCCCAGC
GAGCTACATATGGGAAACG
TGGAAGGGGGAATG
ATATCTCGAGAAGCAGAAA
ATCCTCAGGTGGCTG
CGGTCAGTGCCTGAGTACG
TTAGTG
GTACTCAGGCACTGACCGA
ATTGCTG
GAGCTACATATGACGGATT
TAGCCTTAGGGCTG
GATGCTGGATCCTCATGCC
AAGGGCAAGGATTG
GAGTGGCCAATGCGTGATC
TCTTACCAG
GTAAGAGATCACGCATTGG
CCACTCAGCG
GAGCTACATATGGCAATTG
CCGTCGGTATGATTGAAAC
ATATCTCGAGTGGGCGACC
CATCGGACGGATAC
GAGCTACATATGCCAATTG
CTGTGGGAATGATTGAAAC
G
ATATCTCGAGGTTTCGGAA
TTGCTCCACTGCCTCG
GAGCTACATATGGCAATTG
CCGTCGGTATGATTGAAAC
GATGCTGGATCCTACTATG
GGCGACCCATCGGACGGAT
AC
ATGGGGGTTGCGTGCTCTC
CACCCAC
GAGAGCACGCAACCCCCAT
TCACCCG

1
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Template DNA
CcmK2:pET28a,
CcmK2:pET22b
CcmK2:pET28a,
CcmK2:pET22b
7eBP-l genomic

Cloning vector/
mutagenesis
mutagenesis
mutagenesis
pET-28a

7eBP-l genomic

pET-28a

7eBP-l genomic

pET-22b

7eBP-l genomic

pET~22b

7eBP-l genomic

pET-22b

7eBP-l genomic

pET-22b

CcmO:pET28a

mutagenesis

CcmO:pET28a

mutagenesis

CcmO:pET28a

mutagenesis

CcmO:pET28a

mutagenesis

CcmK4:pET22b

mutagenesis

CcmK4:pET22b

mutagenesis

7eBP-l genomic

pET-22b

7eBP-l genomic

pET-22b

7eBP-l genomic

pET-22b

TeBP-\ genomic

pET-22b

7eBP-l genomic

pET-28a

7eBP-l genomic

pET-28a

CcmKl :pET28a,
CcmKl :pET22b
CcmKl :pET28a,
CcmKl :pET22b

mutagenesis
mutagenesis

25

CcmO R206X(Top)

26

CcmO R206X (Bot)

27

CcmM Q88C (Top)

28

CcmM Q88C (Bot)

30

CcmO 210 (Bot)

33

CcmK2 K36C(Top)

34

CcmK2 K36C (Bot)

37

CcmM K41C(Top)

38

CcmM K41C(Bot)

39
40

CcmM
A131C(Top)
CcmM A131C(Bot)

41

CcmL C7S (Top)

42

CcmL C7S (Bot) .

43

CcmL T70C (Top)

44

CcmL T70C (Bot)

49
50

CcmK2 E95A
(Top)
CcmK2 E95A (Bot)

a*

CcmL (Top2)

b*

CcmL (Bot2)

c*

CcmK.2 (Top)

d*

CcmK2 (Bot)

e*

CcmK3 (Top)

r

CcmK3 (Bot)

CACCTGCCCTCCAATAGGA
ACTGCAACCCCTG
CAGGGGTTGCAGTTCCTAT
TGGAGGGCAGGTG
GATTGGCGATGATGGCTGC
GAGTATTCTGTCTGG
CCAGACAGAATACTCGCAG
CCATCATCGCCAATC
GATGCTGGATCCTCATTGC
AGTTCCCGTTG
GGTGGGCTACGAATGCATT
GGGAGTGG
CACTCCCAATGCATTCGTA
GCCCACCAG
GATGTCCGCATCTGCGATT
ATGTTCACATC
GTGAACATAATCGCAGATG
CGGACATCGC
GGGTTGGTTGTGGCTGTGT
GGTCATG
GACCACACAGCCACAACCA
ACCCGG
GCGCGAGTGAGCGGCACC
GTTACCAG
GGTAACGGTGCCGCTCACT
CGCGCG
CATATTATCAATGGCTGCG
ACAAACCCATTGAC
CAATGGGTTTGTCGCAGCC
ATTGATAATATGG
CTATACCGCGGCAGTGGAG
CAATTC
CCACTGCCGCGGTATAGCG
AATGGG
GAGCTCATGAAAATCGCGC
GAGTGTGC
GATGCTAAGCTTATACTGG
GTACGTTTGCTGTAG
GAGCTACATATGCCAATTG
CTGTGGGAATGATTGAAAC
G
GATGCTGGATCCTATTAGT
TTCGGAATTGCTCCACTGC
CTCG
GAGCTACATATGTTTATTTT
AGGAGCAGTCTTCATGC
GATGCTGGATCCTACTAAA
CGAGAAAACGCTCCCAGC

CcmO:pET28a

mutagenesis

CcmO:pET28a

mutagenesis

CcmMt l93 :pET28a

mutagenesis

CcmMt| 93 :pET28a

mutagenesis

CcmO:pET28a

pET-28a

CcmK2:pET22b

mutagenesis

CcmK2:pET22b

mutagenesis

CcmMtl93:pET28a

mutagenesis

CcmMtl93:pET28a

mutagenesis

CcmMtl93:pET28a

mutagenesis

CcmMtl93:pET28a

mutagenesis

CcmL:pET28a

mutagenesis

CcmL:pET28a

mutagenesis

CcmL C7S:pET28a

mutagenesis

CcmL C7S:pET28a

mutagenesis

CcmK2:pET22b

mutagenesis

CcmK2
E71C:pET22a
7eBP-l genomic

mutagenesis

7eBP-l genomic

pET-28a

7eBP-l genomic

pET-28a

7eBP-l genomic

pET-28a

7eBP-l genomic

pET-28a

7eBP-l genomic

pET-28a

pET-28a

* Previously ordered and available oligonucleotides which were used to build plasmid
DNA constructs in this thesis.
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Table 2. Plasmid DNA constructs used in this thesis. Primers as well as restriction
enzymes used for preparing each construct are listed.
* Plasmid DNA constructs which were previously built in the Kimber lab and available
for use.

Construct
Name
CcmKI

Tag

Vector
pET-22b

Primers
used
17, 18

Enzymes/
mutagenesis
Nde\, Xhol

Ct His 6 tag

*CcmKl

Nt His 6 tag

pET-28a

21,22

BamHl, Nde\

CcmKI Q71C

Ct His6 tag

pET-22b

23,24

Mutagenesis

*CcmKl Q71C

Nt His 6 tag

pET-28a

23,24

Mutagenesis

*CcmK2

Nt His 6 tag

pET-28a

c, d

BamHl, Ndel

CcmK2

Ct His 6 tag

pET-22b

19,20

Nde\,Xho\

CcmK2E71C

Nt His 6 tag

pET-28a

1,2

Mutagenesis

CcmK2 E71C

Ct His 6 tag

pET-22b

1,2

Mutagenesis

CcmK2 K36C

Ct His 6 tag

pET-22b

33,34

Mutagenesis

CcmK2 E95A

Ct His 6 tag

pET-22b

49,50

Mutagenesis

CcmK2E71C
E95A

Ct His 6 tag

pET-22b

1,2
49,50

Mutagenesis

*CcmK3

Nt His 6 tag

pET-28a

e,f

BamHl, Nde\

CcmK3

Ct His6 tag

pET-22b

5,6

Ndel, Xhol

CcmK4

Ct His6 tag

pET-22b

7,8

Nde\,Xho\

CcmK4 A77C

Ct His 6 tag

pET-22b

13, 14

Mutagenesis

CcmO

Nt His 6 tag

pET-28a

3,4

BamHl, Ndel

CcmO E77C

Nt His 6 tag

pET-28a

9, 10

Mutagenesis

CcmO 1-201

Nt His 5 tag

pET-28a

3, 12

BamHl, Ndel

CcmO 8-253

Nt His 6 tag

pET-28a

11,4

BamHl, Ndel
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Notes
CcmKI W T w i t h a C terminal His6 tag
CcmKI W T w i t h a n N terminal His6 tag
Cysteine substitution for
fluorescent thiol labeling
Cysteine substitution for
fluorescent thiol labeling
CcmK2 W T w i t h a n N terminal His 6 tag
CcmK2 W T w i t h a C terminal His 6 tag
Cysteine substitution for
fluorescent thiol labeling,
'convex' hexameric face
Cysteine substitution for
fluorescent thiol labeling,
'convex' hexameric face
Cysteine substitution for
fluorescent thiol labeling,
'concave' hexameric face
Glu95Ala mutation for
disruption of dodecamer
structure.
Cysteine substitution for
fluorescent thiol labeling,
'concave' hexameric face
CcmK3 W T w i t h a n N terminal His 6 tag
CcmK3 W T w i t h a C terminal His 6 tag
CcmK4 WT with a Cterminal His6 tag
Cysteine substitution for
fluorescent thiol labeling,
'convex' hexameric face
CcmO WT with an Nterminal His 6 tag
Cysteine substitution for
fluorescent thiol labeling
CcmO residues 1-201, Cterminal truncated mutant
for crystallography
CcmO residues 8-253, Nterminal truncated mutant
for crystallography

CcmO 1-206

Nt His 6 tag

pET-28a

25,26

Mutagenesis

*CcmL

Ct His 6 tag

pET-28a

a, b

Nco\, HindlU

CcmL C7S

Ct His 5 tag

pET-28a

41,42

Mutagenesis

CcmL
C7S/T70C
CcmM193
Q88C
CcmM193
K.41C
CcmM193
A131C

Ct His 6 tag

pET-28a

43,44

Mutagenesis

Nt His 6 tag

pET-28a

27,28

Mutagenesis

Nt His 6 tag

pET-28a

37,38

Mutagenesis

Nt His 6 tag

pET-28a

39,40

Mutagenesis
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CcmO residues 1-206, Cterminal truncated mutant
for crystallography
CcmL WT with a Cterminal His 6 tag
Substitution of WT
cysteine for future
mutagenesis substitutions
Cysteine substitution for
fluorescent thiol labeling
Cysteine substitution for
fluorescent thiol labeling
Cysteine substitution for
fluorescent thiol labeling
Cysteine substitution for
fluorescent thiol labeling

Table 3. Purified carboxysomal proteins and their associated properties.
Protein

His 6 tag
location

Variant

CcmKl

NHis
NHis
CHis
CHis
NHis
NHis
CHis
CHis
CHis
CHis
CHis

WT
Q71C
WT
Q71C
WT
E71C
WT
E71C
K36C
E95A
E71C/
E95A
WT
A77C*
WT
T70C**
(also
C7S)
WT
E77C
1-201
1-206
8-253
WT
Q88C
K41C
A131C

CcmK2

CcmK4
CcmL

CcmO

CcmM193

CHis
CHis
CHis
CHis

NHis
NHis
NHis
NHis
NHis
NHis
NHis
NHis
NHis

Molecular
Weight
(Da)
14222
14197
12881
12857
13070
13044
11729
11703
11704
11671
11645

Theoretical
Pi

Tag sequence

8.24
8.04
7.11
7.11
7.15
8.04
6.70
7.10
6.43
7.11
8.03

MGSSHHHHHHSSGLVPRGSH
MGSSHHHHHHSSGLVPRGSH
HHHHHH
'HHHHHH
MGSSHHHHHHSSGLVPRGSH
MGSSHHHHHHSSGLVPRGSH
HHHHHH
HHHHHH
HHHHHH
HHHHHH
HHHHHH

11953
11927
12360
12346

5.69
5.90
5.92
5.92

HHHHHH
HHHHHH
KLAAALEHHHHHH
KLAAALEHHHHHH

28828
28802
23381
23861
27878
23055
23030
23030
23087

5.93
6.05
6.03
6.03
6.04
5.91
5.91
5.81
5.91

MGSSHHHHHHSSGLVPRGSH
MGSSHHHHHHSSGLVPRGSH
MGSSHHHHHHSSGLVPRGSH
MGSSHHHHHHSSGLVPRGSH
MGSSHHHHHHSSGLVPRGSH
MGSSHHHHHHSSGLVPRGSH
MGSSHHHHHHSSGLVPRGSH
MGSSHHHHHHSSGLVPRGSH
MGSSHHHHHHSSGLVPRGSH

,

* CcmK4 A77C was used in this thesis to probe the self-interaction of CcmK4-CcmK4.
This construct also contains the native cysteine at position C44, and residue substitution
by mutagenesis is required for further FRET experiments.
** CcmL C7S/T70C was purified, but upon labeling, was found to sequester fluorophores
in a hydrophobic pocket. This changed the spectral properties of the fluorophores and
was not used in experiments.
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Table 4. Purified protein properties of selected proteins. Molecular weight, as well as
overall charge are listed for the monomeric and oligomeric protein species.
Protein

His 6 tag
location

Variant

Monomer
molecular
weight (Da)

CcmKl
CcmKl
CcmK2
CcmK2
CcmK2
CcmK4
CcmO

NHis 6
CHis 6
NHis 6
CHis 6
CHis 6
CHiS(5
NHis 6

WT
WT
WT
WT
E95A
WT
WT

14222
12881
13070
11729
11671
11953
28828

CcmL

CHis 6

WT

12360

CcmM193

NHis 6

WT

23055

Oligomer
molecular
weight
(hexamer,
unless
otherwise
stated)
85332
77286
78420
70374
70026
71718
86484
(trimer)
172968
(hexamer)
61800
(pentamer)
74160
(hexamer)
69165 (trimer)
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Monomer
overall
charge at
pH 8.8

Overall charge at
pH 8.8 (hexamer,
unless otherwise
stated)

-0.2
-1.2
-1.2
-2.2
-1.2
-6.8
-9.7

3.2
-2.8
-2.8
-8 8
-2.8
-36.4
-27.3 (trimer)
-53.8 (hexamer)

-6.1

-27.3 (pentamer)
-32.6 (hexamer)

-11.7

-33.2

APPENDIX 3: Figures of cysteine mutagenesis sites for fluorophore labeling

A - 'Convex' labeling, E71C

B - 'Concave' labeling, K36C

C - IAEDANS

Figure 1. Cysteine mutagenesis site positions for selective fluorophore labeling of
CcmK* proteins.
Structure of TeBP-1 CcmK2, depicting residues substituted for cysteines using sitedirected mutagenesis for fluorophore labeling purposes. The Glu71Cys mutation
corresponds to the 'convex' face of the hexamer (A), whereas the Lys36Cys mutation
corresponds to the 'concave' face of the hexamer (B). Equivalent sites for mutagenesis
in paralogs CcmKl and CcmK4 were chosen based on their alignment with the CcmK2
sequence (see Figure 5). CcmKl Gln71Cys is a 'convex' face mutant. CcmK4 contains
a WT cysteine at position Cys44, but selectively introduced cysteine mutation Ala77Cys
is presumed to map to the 'convex' hexameric face and is equivalent to the Glu71Cys
mutation in CcmK2. Structure of fluorophores IAEDANS (C) and 5-IAF (D) are shown.
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B

33 A

C-terminal
subdomains

C-terminal
subdomains
C-terminal
subdomains

Figure 2. Cysteine mutagenesis site positions for selective fluorophore labeling of
carboxysomally encapsulated CcmM.
Structure of CcmM209 depicting the trimer organization of the (3-helical protein, having
a 3-fold axis of symmetry (A). Sites chosen for cysteine mutagenesis for subsequent
selective thiol labeling purposes are depicted as spheres; Lys41 in blue, and Alal31 in
cyan (B). The distances from sites of labeling to the aA helix capping the |3-helix are
shown (measurements done to residue Argl66); Alal31 is closer to the aA helix, and
Lys41 is closer to the C-terminal Rubisco-like subdomains.
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