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Preface

Photosynthesis 1s among the most important biochemical pathways, being responsible for
metabolizing the unusable norganic forms ot carbon to readily usable source of energy and
building blocks of life for all hiving forms. The etticiency of photosynthesis directly eftects the
crop yvield. which in turn depends upon the rate imiting step in the Calvin eycele catalyzed by the
enzyme RuBisCO (Ribulose-1.5-Bisphosphate Carboxylase Oxyvgenase). Hencee, the efficiency of
the protein RuBisCO, evaluated by it catalviic rate and speciticity, directly aftects the rate of

photosynthesis and ultumately the vield.

RuBisCO, despite its origin dating back 10 millions of years from now and its importance in
nature suffers from low catalytic rate and tickle specificity tor substrate. The catalytic site being
conserved tn all the awotrophic organisms ranging from cyanobacteria to higher plants shows the
significance of the arrangement of the residues i the active site to be the most apt for the
carboxylation of RuBP. Evolution works on the principle of random mutations in the genetic code
and nature works on the phenomenon of survival of the fittest. Hence, evolution being inevitable
did apply to RuBisCO as well, but only the protein having the active site residues conserved were

able to survive or in this case were capable of performing their function.

‘The enzyme has been of interest to the scientific world for more than 70 years now, for basically
two main reasons. Firstly, despite the investment of ample amount of time and resources in all
these years, a number of aspects to the enzyme still remain elusive viz. the molecular basis of
cause of variation in characteristics of the protein, the factors involved in the assembly of the
protein, ete. Secondly, being the rate limiting factor in photosynthesis and having some major
drawbacks, it is a subject with lots of scope of improvement in crop yield, keeping in mind the
impending danger of food scarcity. Characterization of RuBisCO and the factors playing role in
its assembly and catalysis will impart some knowledge to further understand this protein.
Moreover, since every RuBisCO has its own set of characteristics by virtue of its complexity, and
only about 100 RuBisCO proteins have been characterized till date, the study of catalysis of this

protein from different sources is an open avenue to widening the horizons of knowledge about

this protein.

The present study involves the characterization of RuBisCO from an early diverging
cyanobacteria Gloeobacter violuceus PCC 7421, G. violaceus is in itself an interesting organism

owing 10 its unique set of characteristics. Further, considered to be an organism of primitive



origin, 1t could also be among the minal set of organism 10 have acquired oxygenic
photosynthests and hence RuBisCO. Attempts have been made in this study 10 express and
characterize the protein in the presence and absence of the chaperone and the small subunit so as
10 obtain a soluble form. In an attempt 1o identify the role of the small subunit of RuBisCO, the
activity of form [ and form 11 RuBisCO were also evaluated in the presence of the small subunit
RuBisCO. m-vitro. Carbon Concentrating Mechanism (COM) is a mechanism which came into
existence as a consequence ol loose speciticnty of the RuBisCO for carbon dioxide. This
mechanism constituting carboxysomes in cyanobacteria is responsible for concentrating carbon
dioxide around RuBisCO-encapsulated in protein microcompartments. As an objective of my
rescarch, the COM proteins of G violacens were also cloned and characterized. The ultimate aim
of the study of COM proteins is successful transtormation of COM into C plants, which are

devoid ot any such mechanism.
The work is presented in form of seven chapters:

l. Introduction and lterature review: This Section summarizes information on RuBisCO

and Carbon Concentrating Mechanisms and their importance.

2. Material and Methods: This Scction  describes  details  of in-silico and  various
experimental procedures and techniques, which were employed in the present study.

3. The chapter 3 is a descriptive analysis of the distribution of the CCM proteins across the
lzubacterial and Archacabacteria phyla, in an attempt to find ancestral proteins for the
same.

4. The chapter 4 presents the amplification, expression, purification and characterization
RuBisCO encoding genes of G. violaceus in E. coli system (in-vitro and in-silico).

5. The chapter 5 involves the cloning and characterization of the CCM proteins of G.
violaceus by expression in E. coli and protein modeling for CCM proteins.

0. The chapter 6 is about the protein-protein interactions between RuBisCO subunits and
with CcmM and their tunctional implications.

7. The chapter 7 provides the conclusive note on the findings from the present study and the

future scope.



Acknowledgements

eI THATH I, IR G333 U,

Nanak naam jahaj hai, charhe jo utre paar

A AOW a9 Ree, g Ud €395 I9 |

Jo shradha kar sevde, guru paar utaran haar

First and foremost | extend my deepest thanks 1o the almighty tor making me fortunate to enjoy
endless fruits of humanity and become capable of having the intuitiveness to expand my limits for

oneselt and anyone destined to be succoured through me.

Success is the outcome of inquisitive nund, directed by adept guide, reinforced by perseverant
eftorts and the guts to treat defeat with a positive outlook. 1 am thanktul to almighty for giving
me the opportunity to learn in supervision of my guide, Dr. Sandhya Mchrotra, a pertect blend of
an educator and benevolence. | would like to thank her for all her timely encouragements and tor
directing me onto the right path when [ got distracted. which | believe was quiet often. Under her
tutelage, | had cherished enormous freedom 1o pursue new ideas and perceptions. | also want to
use this medium, to convey my utmost regard for her, for giving me the opportunity to work
under her able guidance. Thank you again for the splendid voyage and [ eagerly look forward to

future expeditions down the lane.

Apart from my advisor, | would like to extend by sincere thanks to members of my Doctoral
Advisory Committee members, Prof. Rajesh Mehrotra and Prof. Shibasish Chowdhury, for their
valuable guidance and contribution to the furtherance of this research, insightful discussion,
scientific advice, knowledge and also for their time and effort in checking the manuscript in short
time period. 1 offer my gratitude, to Director Prof. A.K. Sarkar, Dean, Academic & Research
Division Prof. S.K. Verma BITS-Pilani, Pilani Campus, for allowing me 1o use institute’s
infrastructure. | also thank my alma mater, BITS Pilani for providing me with this and various

other opportune possibilities which resulted in the culmination of this research.

Special thanks to the present and former heads of the Department of Biological Scicnces, Prof.
Prabhat Nath Jha, Prof. Rajesh Mehrotra, Prof. Jitendra Panwar and Prof. Shibasish Chowdhury
for their timely support and efforts in making the department resourceful and congenial to work. |

would further like to be thankful to DRC members Prof. Jitendra Panwar, Prof. Ashis Kumar Das,



Prof. Shibashsis Chowdhary, Prot. Lalita Gupta, Dr. Sandhya Mehrotra and Prof. Prabhat Nath
Jha tor their ime 1o time co-operation and words of encouragement and also for charting policies
in support of students where and when necessars. The experience of coming in contact with the
faculty members of Department of Biological Sciences, in the duration of my degree, was
thoroughly productive and I do hereby acknowledge all of them. The involvement in teaching
practice under the expert guidance of teachers of high caliber and credentials in the world class

setup of BITS Pilam was a knowledgeable experience.

A friend is someone who knows the song in your heart, and can sing it back 10 you when you
have forgotien the words. | am blessed 10 have wondertul friends Panchsheela, Naveen and Dr.
Purva, who were buddies in times of fun and pillars of strength during stressful situations, 1 owe
them big thanks for being a moral support and enable me to sce through ditticult times. | rejoice
their immaculate sense of humour and motivation that often rejuvenated me to come stronger and
smarter after every failure. 1 am indebted to jovial company and homely atmosphere created by
my friends Zarna, Isha didi, Shobha, Gagandeep sir, Dr. Kuldeep and Dr. Arpit, throughout the

time | spent at BITS, Pilani.

Heartfelt thanks 10 my colleagues and labmates Vandana Tomar, Nisha Jangir, Asha Jhakar,
Vidushi Asati, Chetna Sangwan and Zaiba Hasan Khan, thank you for offering me valued advice,
untimely help and moral support whenever needed and also for maintaining an amiable
environment in the lab. The short rejuvenating breaks, in company of my labmates breaking the

monotony of busy days was always stimulating and joyous.

l.earning is a never ending process and all you know is put to challenge when one has to extend it
to someone eclse, in a manner that it can be executed. I thank Garima Singh and Rashmi for
helping me perform experiments, your agog approach to grasp concepts was indeed empowering
from new perspectives. | would further like to thank Jaspreet Singh, Ankit Bansal and Rohan for
their expertise in running codes for some in-sifico analysis. | am grateful for your time and effort

that resulted into outputs that form an important part of this dissertation.

This acknowledgement would be incomplete without special mention of my seniors Dr. Deepak
Pakalpati, Dr. Amit Subuhi, P.A. Boopathi sir, Gagandeep sir, Dr. Arpit and Dr. Purva who
taught me lab culture and a sense of belongingness for lab. I as a neophyte looked upon to their
footsteps and suggestions in performing every duty assigned or handling every minor/major

situation in research. [ am thankful to the staff of office of Department of Biological Sciences for



their help in every othcial matter. A special word of gratefulness for Mr. Naresh Kumar Saini,
Mr. Raghuveer, Mr. Mahipal and Mr. Manop Kumar who have helped me with several official

works during my stay i BITS Pilani.

The very existence of *I7, its inteltect and characteristics were bestowed upon me by my beloved
parents. | bow 1o my adorable parents, Mohinderjit Singh and Davinderjit Kaur for their
encouragement. support. sacrifices and unbound love showered upon me throughout my life.
They have always kept me upbeat to meet new challenges and succeed in every walk of life.
Emotons of my heart should find new boundaries 10 contain my love for my brother Gurkirat
Singh. I extend my carnest gratitude 1o him for his care and affection. I am deeply obliged to my
grandfather- Gurcharan Singh for his love and tireless support since the day | stepped outside my
home with the urge 1o learn and become capable of extending and applying what [ learn. | don’t
imagine a life without their love, concern and blessings. Your prayers and strong beliet in me had
helped me go on and sustain thus far. [ dedicate this thesis to my beloved parents, whose role in
my life is and will always remain immense. For, it was because of their faith and contidence in
my abilities, that I kept working through the hurdles and failures that 1 had taced during this

entire ume.

The financial assistance provided by DST-fasttrack project 2011-2012 and UGC-BSR 2012-2016,
has enabled me to pursue my research with ease, which is gratefully acknowledged. Last but not
the least, | feel privileged for my stay at BITS, Pilani which is home to many knowledgeable
people with great work culture. Until now I heard people say, but now I realize that there is some
formless, invisible energy transcended into you being a BITSian that forms an integral part of
your personality and acts as an unconscious guiding force in your life ahead. I feel empowered
being a part of this esteemed institute. 1 take an oath 1o serve for the mankind with whatever

knowledge and wisdom 1 possess and will acquire in future by virtue of furtherance of my

research work and results thercof.

Date: 47123016 Gurpreet Kaur Sidhu

wnpruak



LIST OF TABLES

No. Table Title Page No.
2A  The Accession numbers and the conserved domain profile of the proteins of 2-2
CCM from G. violucens
2B List of organisms used for study of evolutionary link between CemM and 2-3
RuBiscO proteins
2C  List of primers used in the amplification of the genes under study 2-5
2D The PCR conditions standardized for various genes under study 2-7
2E  PCR conditions standardized for cemM and com operon sequences 2-8
2F  Characteristics of Agarose Low Electroendosmosis 29
2G  The concentration of agarose gel suitable for different DNA sized 2-9
fragments
2H  The detail of the restriction enzyme used for cloning procedures 2-11
21  The composition of reaction mixture used for a standard restriction reaction 2-12
2J  The composition of ligation reaction along with recommended controls for 2-13
TA cloning
2K The important characteristics of the vectors used, in context to the 2-15
expression and purification studies
2L The important characteristics of the BD Talon Co’’ resin 2-26
2M  Composition of the buffers used protein purification by IMAC under native 2-27
conditions
2N Column characteristics of DS03 2-29
20  Buffers used in protein purification under denaturing conditions 2-31
2W  Buffers used for renaturing of the purified proteins 2-32
3A  The list of phyla used for the analysis of distribution of CCM proteins 3-6
3B The distribution of the p carboxysome proteins across phyla 3-14
3C  The Correlation between the phylogeny of B-cyanobacteria on the basis of 3-25
CemM protein C terminal domain (CA domain) and N terminal domain
(SSU repeat domain) generated by MirrorTree
3D  The degree of similarity of the SSU repeats present in CcmM proteins of B- 3-25
cyanobacteria to the bonafide RuBisCO SSU domain
3A-S BLASTP hits for amino acid sequence of CemK from G. violaceus PCC 342

7421 from various phyla of Eubacteria and Archaea

Vi



3B-S

3C-S

3E-S

3F-S

4A

4B

6A

6B

6C

6D

6E

6F

6G

BLLASTP hits for amino acid sequence of CemL from G. violaceus PCC
7421 from various phyla of Eubacteria and Archaeca

BLASTP hits for amino acid sequence of CemM from G. violaceus PCC
7421 from various phyla of Fubacteria and Archaca

BILLASTP hits for amino acid sequence of CemN from G. violaceus PCC
7421 from various phyla of Eubacteria and Archaca

BLASTP hits for amino acid sequence of CemO from G. violaceus PCC
7421 from various phyla of Eubacteria and Archaea

List of cemK gene complements in f3-cyanobacteria arranged according to
the phylogenetic topology.

Locus of L and S subunit of RuBisCO in the genome of the organisms with
RbeX

Locus of L and S subunit of RuBisCO in the genome of the organisms
lacking RbcX

Diverse chaperones present in Cyanobacteria without RuBisCO chaperone

The CD spectra data of IMAC purified and renatured G. violaceus LSU

The most conserved regions of the CemL protein

Results of SD sequence, followed by start cadon, search in the cemM gene
sequence

The number of SSU repeats in the CcmM from different sources and the
degree of identity with the best found hits of RbcS in pBLAST search

The parameters of R. rubrum RuBisCO reported by different research
groups

The ratios and corresponding concentrations of the R. rubrum RuBisCO
and G. violaecus RuBisCO SSU used for complementation studies

The residues involved in interaction between LSU (A and I- Row 1 and 2)
and SSU (B/H/J/P — rows 3-6) in T. elongatus RuBisCO (2YBYV) retrieved
from PDB

The attributes for the most possible interactions between R. rubrum
RuBisCO and G. violaceus RbcS (SSU)

The ratios and corresponding concentrations of the G. violaceus RbcL
(LSU) and G. violaecus RbcS (SSU) used for complementation studies.

The attributes for the most possible interactions between G. violaceus RbcL
(LSU) dimer and G. violaceus RbcS (SSU)

The ratios and corresponding concentrations of the R. rubrum RbcL (LSU)
and G. violaecus CcmM used for complementation studies.

342

343

344

345

3-46

4-19

4-20

4-21
4-34
5-11
5-14

5-19

6-7

6-10

6-14

6-15

6-19

6-21

vii



6H

ol

6.

6K

ol.

[he RuBisCO SSU domains of G violucens CemM as estimated by CDD
scarch and the conserved residues in cach of the domains with respect to
the G violacens RuBisCO small subunit identified by sequence alignment

Fhe domains of ¢ violacens CemMIREST identified on the basis of the
tertiary structure of the protein estimated in-silico
I'he attributes for the most possible interactions between R rubrum Rbel.

(LSUy dimer and ¢ violaceus CemM IRES]

The ratios and corresponding concentrations ot the G violacens Rbel.
(LSU)y and G violaccus CemM used for complementation studics.

The attributes for the most possible interactions between G violuceus Rbel.
(L.SU)y dimer and G. violacens CemM IRES S

()_‘)‘)

6-25

6-27

6-29

viii



LIST OF FIGURES

Page No.

No. Title of Figure
1A Active site residues of Spinacia oleracea RuBisCO 1-7
1B The comparison of K, (catalytic turnover) and S (selectivity) of enzyvime 1-12
RuBisCO from various organisms
1C The comparison of KyCOs and KyO: of enzyme RuBisCO from various 1-13
organisms
2A Vector systems used for cloning and expression of proteins under study 2-17
3A®)  Maximum Liklihood phylogenctic representation of cyanobacteria based 3-8
on 16S rRNA sequence
3AGIH)  Maximum Liklihood phylogenetic representation of cyanobacteria based 3-9
on 168 rIRNA-pyrii-rbel. sequence
3B The distribution of B carboxysome proteins across various phyla of 3-16
Eubaciena
3C Maximum Liklihood phylogenetic representation of cyanobacteria based 3-19
on carboxysome operon sequence
k1)) Phylogenetic analysis of « and B-cyanobacteria separately on the basis of 3-20
cem operon
3E(i) The duplication events of CemK in the course of evolution of - 3-23
cyanobacteria
3E(ii))  The evolutionary history of CemK amino acid sequences inferred by 3-26
using the Maximum Likelihood method
3F The evolutionary history of Ceml. was inferred by using the Maximum 3-27
[.ikelihood method based on the Le_Gascuel 2008 model
3G The evolutionary history of CemM was inferred by using the Maximum 3-29
Likelihood method based on the Whelan And Goldman + Freq. model
3H The evolutionary history of CemN was inferred by using the Maximum 3-30
l.ikelihood method based on the Whelan And Goldman + Freq. model
31 The evolutionary history of CemQO was inferred by using the Maximum 3-31
Likelihood method based on the Le_Gascuel 2008 model
3) The distance of the cyanobacteria from G. violuceus PCC 7421 on the 3-34
basis of 16S rRNA-pyrH-rhcl sequences and carboxysome encoding
operon derived by Jukes-Cantor model in MEGA 6.0
3K The comparison of distance of various cyanobacteria from G. violaceus 3-35

PCC 7421 derived by phylogenetic analysis of the 1658 rRNA sequence,
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cyanobactena estimated in MEGA 6.0

Box and Whiskers plot for the distance of the 168 rRNA, com operon,
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violacens PCC 7421 sequences
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The speculated time frame of events from origin of cyanobacteria to
evolution of CCM in cyanobacteria and higher forms
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The sequence logo for the Rbel., RbeS and RbeX sequence from 37
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Evolution pattern of Rbel., RbeX and RbeS in f3-cyanobacteria and -
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The alignment of Rbel. amino acid sequence of five organisms lacking
RbcX and five having RbeX, analysed for the presence or the absence of
the RbeX interacting Domain

The agarose (1%) gel image of the PCR products of the genes under study
(rbel., rbeX. rbeS and rubisco operon)

The SDS-PAGE (12%) image of IPTG induced cultures of pCOLDH-Gv-
rbel., pCOLDH-Gv-rbeS, pCOLDIH-Gv-rbeX and pCOLDH-Gv-rbel.SX in
E. coli BL21(DE3)pLysS

SDS-PAGE (12%) showing solubility of the overexpressed protein in
presence/absence of denaturants

The SDS-PAGE (12%) for fractions collected during metal affinity
chromatography from IPTG induced cultures of pCOLD-Gv-rbel,
pCOLD-Gv-rbeS and pCOLD-Gv-rbeX in E. coli BL21(DE3)pLysS

The image of 6% native PAGE for (. violaceus Rbel., after puritication
in denaturing conditiond followed by subsequent renaturing by steady
removal of denaturing agents

The m/z vs intensity plot of the G. violaceus RuBisCO LSU and SSU
protein analyzed by MALDI-TOF after in-gel tryptic digestion,
respectively

The m/z vs intensity plot of the G. violucens RuBisCO LSU and SSU
obtained by in-sifico trypsin digested, respectively
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The CD spectra of G violaceus Rbel. puritied by IMAC

The activity (change in absorbance per minute) of G violacens RuBisCO
Rbcl. and Holoenzyme at different RuB3P concentrations

The eftect of RuBP concentration on the specific activity of G, violaceus
RuB1sCO large subunit and RuBisCO holoenzyme

The protein model for (. violaceus Rbel. generated by homology
modeling

The protein model for (. violaceus RbeS  generated by homology
modeling

Timeline of major discoveries and observationg in carboxysomes from
1961-2016

The sequence logo for CemK sequences from 20 f-cyanobactena, aligned
by T Coffee program.

The protein model for CemK generated by homology modeling

The Agarose gel (1%) image for the polymerase chain reaction product
for cemr genes and restriction analysis of pET153h-cemK clone

SDS-PAGE (12%) to check the expression of 12.5kDa G. violauceus PCC
7421 cemK  (approx  300bp gene cloned in pETISh) in E. coli
BL2I(DE3)pl.ysS by ImM IPTG induction.

The sequence logo for Ceml. sequences from 20 B-cyanobacteria, aligned
by T Coffee program

The Ceml protein showing the residues involved in interactions between
the monomers to form the hexamer

Confirmation of pCOLDI-ceml construct by restriction digestion with
enzymes Ndel and Xhol

The SDS-PAGE (12%) image for the expression profile of ~12kDa

protein of G. violuceus PCC 7421 coml. (approx 350bp gene cloned in
pCOLDI) in E. coli BL21(DE3)pLysS by ImM IPTG induction

The sequence logo for the CcmM N-terminal domain of the CemM
protein from 20 B-cyanobacteria
The sequence logo for the CcmM N-terminal domain of the CcmM

protein from G. violaceus and y CA of Methanosarcina thermophila

The sequence logo for the CcmM C-terminal domain of the CcmM
protein from 20 B-cyanobacteria

Sequence logo for the multiple sequence alignment of the RuBisCO small
subunit from B-cyanobacteria
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The tertary structure of IREST CemM by homology modeling

The Agarose gel (0.8%) image and PCR conditions tor cemAf of G,
violuceus PCC 7421 using Phusion polymerase

Agarose gel (0.8%) image tor confirmation of pET15h-cemM construct
by restriction digestion with enzyvmes Ndel and Yho!

SDS-PAGIE (12%) image 10 check the expression of 7IKDa G. violacceus
PCC 7421 cem M approx 2000bp gene cloned in p£T13h) in
BL2HDE3)pLysS by ImM IPTG induction

SDS-PAGIL: (12%) image for purification of CemM of G violaceus PCC
7421 by atfinty chromatography

Sequence logo for the multiple sequence alignment of the CemN from f3-
cyanobacteria, obtained by alignment in MEGAG.0

The tertiary structure of CemN by homology modeling

Agarose gel (0.8%) for the confirmation of p&T3b-cemN construct by
restriction with enzymes Ndel and Bam!?if and SDS-PAGE for expression
analysis from the construct

Sequence logo for the multiple sequence alignment of the CemO from -
cyanobacteria

Agarose gel (0.8%) for the confirmation of pfST15b-cem@O construct by
restriction with enzymes Ndel and Bami 1! and SDS-PAGL for expression
analysis from the construct

The tertiary structure of CemO by homology modeling

Agarose gel (0.8%) for the amplification of the carboxysome operon of
G. violuceus PCC 7421 (~4.5Kbp) along with the conditions used for
PCR by Phusion Polymerase and confirmation of pETI5b-ccm operon
clone by restriction analysis

Schematic of the objective of the study presented in chapter 6

The image of SDS-PAGE (12%) for analyzing the expression profile of
pET15b-R rubrum RuBisCO by IPTG induction
The SDS-PAGE (12%) for the IMAC puritication of R. rubrum RuBisCO

The mass-spectrometry results for R. rubrum RuBisCO analyzed by
MASCOT

The trend line for decrease in optical density at 340nm of the reaction
mixtures containing different concentrations of the R. rubrum RuBisCO
and RuBP, respectively

The graphical representation of the effect of R rubrum RuBisCO
concentration and RuBP (substrate) concentration on the activity of R.
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The substrate (Rul3P) dependent assay of the G. violaceus Rbel. and G
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The arrangement of G. violauceus RuBisCO small subunit with respect to
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The interacting residues (as generated by GRAMMX output file 8)
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RuBisCO SSU

The effect of different concentrations of G. violaceus CemM on specific
activity of R. rubrum RbcL (LSU)
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of G. violuceus CcmM in ratio of 1:3, respectively; The Lineweaver-Burk
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output files
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1.1. Introduction

Ribulose-1.5-bisphosphate  carboxylase oxygenase  (RuBisCO.  hereafier) is the primary
enzame imolved in the process of photosynthesis. It catalyzes the fixation of atmospheric
CO: (carbon dioxide) to Ribulose-1.5-bisphosphate (RuBP) to form two molecules of 3-
phosphoglyceric acid (3-PGA) which is further ¢ycled through subsequent reactions o form
the basic organic molecules of life. But RuBisCO s not a perfect catalyst. It suffers from
fickle specificity for CO. and opportunistic molecules like O:. Oxygen directs RuBP to
products a part of which eventually lead to energy inefficient processes and hence a setback
for the process that direetly or indirectly feeds all basic metabolisms of life (Gutteridge and
Pierce 2006). Further, the catalytic turnover rate is painfully low, as it can fix only about three
CO: molecules per second. RuBisCO catalyzes the most important step of photosynthesis and
hence in order to compensate its inefticieney (Badger and Bek 2008), plants need to subject as
much as 50% of their leaf nitrogen for the synthesis of RuBisCO, hence no wonder it turns

out to be the most abundant protein on carth.

RuBisCO came into existence when the atmospheric composition was different from that of
today. It has evolved to improve its performance under CO; hmitation, O; inhibition, and
scarcity of nitrogen. Nature, in order to enhance RuBisCO efticiency, has evoked changes that
have led to RuBisCO with high specificity for CO., salvage pathway to recapture losses made
because of accepting oxygen as a substrate, carbon concentrating mechanisms (CCM) and
improved stomatal regulation. It could be attributed to these evolutionary changes that despite
500 fold higher O levels as compared to COs; in the gascous form, only 25% of the RuBisCO
reactions are oxygenasc. It is to be noted that the losses made at the hand of photorespiration
arc expected 1o rise in the coming future as an outcome of global warming which is predicted

to favor oxygenation over carboxylation.

CCMs in their simplest form constitute a compartment for CO. accumulation, Ci (inorganic
carbon) transporters and carbonic anhydrases that cause an increase in the CO,/O;ratio at the
site of RuBisCO activity and hence a decrease in oxygenase activity. Although, such a system
adds 1o the resource expenditure of the organism for its synthesis, maintenance, and operation
but the net outcome of the process is energy efficient (Sultemeyer and Rinast 1996). The
CCMs prevalent in various organisms include, carboxysomes - the most primitive known
CCM in cyanobacteria and proteobacteria (Price et al., 2008), pyrenoids in algae (Giordano et
al., 2005), C, and CAM metabolism based mechanisms in higher plants and certain algae
(Edwards et al., 2004) and C;-C; intermediates. The C; plants have not been found to have
any CCM.
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an carly stage of evolution of evanobacterial lincage (Seo and Yokota 2003; Hoftmann ¢t al..

2005: Gupta and Mathews 2010) and is hence an important organism with respect o
evolution related studies. G violuceus possess a simple cell organization without thylakoids
and an unusual structure of photosynthetic apparatus (Rippka et al., 1974; Bryant et al., 1981
Gughelmi et al., 1981). G violacceus possess several distinet characteristics which are

mentioned below:

- The cells are devoid of any thylakoid structures and as reported from the microscopic
images the photosynthetic machinery of the organism is situated in the cytoplasmic
membrane while in other cyanobacteria it is found in the thylakoid membrane
(Rippka et al.. 1974). This observation suggests that the components tacing the lumen
in other cvanobacteria are facing the periplasm in the case of G violuceus, which
raises the possibility that the photosynthetic electron transfer system and  the
respiratory systems which also might occur in the cytoplasmic membrane co-exist
and possibly also share some machinery (Nakamura et al., 2003).

- The phycobilisome morphology in G. violuceus is quite distinct {from that found in
other cvanobacteria. In G. violaceus the phycobiliproteins form 6 peripheral rod-
shaped elements which in turn form bundle shaped aggregates with five horizontal
rods of an allophycocyanin core, situated vertically, adjacent to the inner surface of
the cytoplasmic membrane.

- [Further, the fatty acid composition is also different. Sulfoquinovosyl diacylglycerol
(SQDG) although considered to play an important role in photosystem stabilization is

absent in G. violuceus.

G. violaceus has been used as a model organism for studies based on evolution of oxygenic
photosynthesis (Bernat ct al., 2012) and is also among the initial set of cyanobacteria whose
complete genome was sequenced (Nakamura et al., 2003). Various aspects of genus
Gloeobacter remain comparatively unexplored including habitat, distribution, life cycle and
identification of variability in the genus. The Gloeobacter strains studied till date include PPC
7421, PCC 9601 and PCC 8105. Rippka et al. (1974) suggest a close relationship of G.
violaceus to a not very well studied botanical species Gloeothece coerulea Geitler 1927,
because of the similar cell morphology, life cycle and the presence of polar granules similar to
those found in G. violaceus (Geitler 1927). Further, Aphanothece caldariorum Richter 1880,
another rock-inhabiting cyanobacterium (Hansgirg 1892) is similar to Gloeothece coerulea in
morphology and life cycle and is thus also a plausible close relative of G. violaceus (Komarek

and Anagnostidis 1999).
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multiple CemM forms from a single gene have been observed in case of Svaechocvstis PCC

6803 (Ludwig et al.. 2000 Cot ct al., 2008). Svacchococeus PCC 7002 (Ludwig et al., 2000),
and Acarvochloris marinag MBICT1017 (Long et al.. 2010). Each form constitutes three RbeS
repeat motifs, each mouf is capable of binding Rbel. to form a CemM-RuBisCO complex and
possibly also crosslink with other RuBisCO molecules within the carboxysomes shell,
Evidence reveals that such interactions have potential to be the basis for the initial assembly
of the carboxysomes (Long ¢t al., 2007). On the basis of studies conducted by Long et al.
(2010, 2011). M358 is confined to the inner shell of the carboxysome where it is responsible
for recruitment of carboxysomal carbonic anhydrase and outer shell as well as interlinking of
RuBisCO molecules (Long et al., 2007, 2010: Cot et al., 2008). The M358 interacts with the
outer shell directly via CemK2 protein and indirectly via CemN protein (which possibly is
involved in the interaction between the inner shell and outer shell proteins) (Kinney et al.,
2012). Further, the M35 form is restricted to the shell lumen involved in interactions with the
RuBisCO molecules and as suggested by electron microscopic studies of carboxysomes
causing arrangement of the later in two planes (Kancko ct al., 2006). Conceivably CsoS2

plavs a similar role as CemM in u-carboxysomes, but atfirmation is so far lacking.

The N-terminal of CemM has a y-CA like domain. CeaA, which is likely to be associated with
the shell, interacts with the N-terminal of M358, Long et al. (2007) speculate that the N-
terminal region of M58 performs the role as a scaffold for CcaA and other carboxysomal
proteins. Recently, the crystal structure of the CA-like domain of Thermosynechococcus
clongares BP-1 CemM has been found out and it has been shown to be an active carbonic
anhydrase in itself and other species lacking CcaA (Pena et al., 2010). The carboxysomal
protein CemN contains bacterial transferase hexapeptide repeat found in the N-terminal of
CemM as well, but whether this indicates potential structural homology between CcmM and
CemN, s still undeciphered (lLong et al., 2007). Another carboxysome protein recently
identified i.e. CemP is reported to be an orthologue of a-carboxysomal protein CsoS1D (Cai
et al., 2012). CsoS1D, as speculated from its crystal structure, provides a potential pore for the

passage of large metabolites in a-carboxysomes.

Till date as many as five Ci uptake systems have been identified in cyanobacteria, which
include three HCO'; transporters and two CO- uptake systems, among which some are
constitutive while others are inducible only when grown under Ci limiting conditions. The
energy sources for these Ci uptake systems could be in the form of ATP (BCT1 HCO’,
transporters), NADPH or reduced ferrodoxin (CO, uptake) and coupling to electrochemical
Na' gradient ( as in SbtA or BicA HCO's transporters) (Badger et al., 2002; Badger and Price
2003). HCO'; being ionic is approximately 1000 fold less permeable to lipid membranes than

the uncharged CO», molecule and is hence the preferred form of Ci for accumulation in the
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supercoiled DNA transformed. if the protocol is followed strictly, using high quality fresh

reagents, ultra clean glassware plasticware and cultures grown from original frozen stock.
Inouc method yields cqually efficient competent cells but is less finicky and more
reproducible. using a fairly standard procedure., except that the cells are grown at 18<C
rather than 37 C. which gives the cell membrane certain characteristics making it tavorable
to take up foreign DNA more cfficiently. Further, the calcium chloride method published
by Cohen et al (1972) is simple and rapid variation of the technique, yielding efficiencies
of 10" 10 10 ctu pg of supercoiled DNA transformed. Competent cells prepared using this
method may  be preserved at -70°C, although prolonged storage may  result into

deterioration in efticiency. In the present study caleium chloride and Inoue methods were

used.

2280 Preparation of E.coli DI 3a and E. coli BL21DE3pLysS competent cells

Requirements

100mM  CaCls (50 ml.) - autoclaved and pre-cooled to 4°C: 60% glycerol solution-
autoclaved  pre-cooled 1o 4°C: 5 ml. LB broth for 19 culture - autoclaved (no antibiotic for
£ coli DH3a; chloramphenicol for £ coli BL2ZI(DE3)pLysS ) 50 ml. LB broth for 2° culture
- autoclaved (no antibiotic for £ coli DH3a; chloramphenicol for £. coli BL2I(DE3)plLysS);
Oakridge tubes- autoclaved and stored at 4°C before use: Eppendort tubes 1.5 & 2 ml. -
autoclaved and stored at 4°C: Autoclaved 1 ml. and 200 pl. tips; Autoclaved 1 ml. and 200

ul. cut tips: L.B agar -+ antibiotic (depending upon the resistance gene in the plasmid to be
transformed)

Procedure
1) Preparation of primary (1°) culture: 5 mL of LB was inoculated with a single colony of £.

coli DH5« culture and incubated at 37°C for 14-16 h. Preparation of secondary culture:

2) After 14-16 h of 1° culture, [% inoculum from 1° culture was taken, i.e. 250 pl. for 25 mL

medium, and sccondary culture was inoculated and incubated at 37°C for 2-3 h, untii the

OD at 600 nm reached 0.3-0.4.
3) It was centrifuged at 6000 rpm at 4°C for 8 min. The supernatant was discarded without
disturbing the pellet (allow the tubes to stand in inverted position on paper towels to drain

away any traces of liquid media) and ice cold 100mM CaCl, (30 mL for 50 mL culture)

was added to cach tube.

4) The pellet was dislodged completely and carefully using cut tips with repeated pipetting.
During the process of resuspension, do not allow the cells to stay out of ice for more than
2-3 minutes. The purpose of gentle resuspension is to allow each of the cell’s surfaces to
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Clontech’s ProtcoGuard EDTA-free protease inhibitor cocktail is a mixture of protease

inhibitors to protect target protein from proteolysis by endogenous proteases released during
cell Iysis. The cocktail is a 100X solution in DMSO. 1X of which consists of Aprotinin

(0.8uM). Bestatin (30pM), Leupeptin (20puM), Pepstatin A (10pM) and PMSFE (1mM).

Table 2M: Composition of the buffers used protein purification by IMAC under native

conditions®
Components Buffer 1 (50 mE) | Bufter 2 (50 ml.) | Bufter 3 (10 ml.)
Imidazole 20mM J40mM IM
Sodium Chloride 300mM 300mM 300mM
Lindium Phosphate  (pl] 8.0) 50mM 50mM 50mM

7) Incubated at 30 C for The with continuous shaking. After Lysozyme treatment the sample

was put on ice for 30 minutes to allow cooling down.

8) The sample was then sonicated at 10KHz by giving 10 short bursts of 10 seconds with 30
seconds rest time. (While sonicating keep the probe properly submerged, increase sample
volume if needed but not more than 10 ml.; Give short pulses; While sonicating keep the
sample resting on ice 1o avoid overheating)

9) Optional: If lysate still viscous add DNasc at rate of Img/ml. per gram of pellet and

incubate at 4°C for 30 minutes in presence of 10mM MgCl..

10) After sonication the sample was centrifuged at 7850rpm, 20 minutes at 4°C. The
supernatant was collected in fresh tube, labeled as fraction A and stored at 4°C,

11) Simultancously, the column was prepared. The BD Talon Cobalt resin (Clontech) was
thoroughly resuspended. (Use 2 mlL ol resin suspension per ~3mg of anticipated

polyhistidine tagged protein. 2 mlL of homogenously resuspended resin will provide | mL

bed volume of the BD Talon resin).

12) [Immediately transfered the required amount of resin suspension to a sterile tube that can

accommodate 10-20 times the resin bed volume (For 1 ml. bed volume 20 mL. tube).

13) Centrifuged at 700 x g for 2 minutes to pellet the resin (Centrifugation at higher speed can

damage the resin). The supernatant was removed and discarded.

14) Added 10 bed volumes of buffer 1 (equilibration buffer/Sonication buffer) and mixed

briefly 1o pre-equilibrate the resin. Re-centrifuged at 700 x g for 2 minutes to pellet the

WPrepared buffers freshly: Checked pll accurately; Filtered the bulfers before use: Stored the buffers
properly (if needed) ,
PMSF (Sigma)  100mM stock in 100% Isopropanol

Lysosyme (Merek) [Omg/mlin Autoclaved Milli-Q water
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Component | Volume added  from | Final Working concentration |
| stock (ul.)

CAssay Buffer [ 77893l HEPES  200mM: MgCls- 20mM
INADH 204l 0.2mM
I Sodium ( 100 pl. SomM

Bicarbonate |

Phosphocreatine 80 pl. 20mM

Coupling Enzymes | 5 pl. PCK-12.5U, PGK-11.25U, GAPD-10U

Add 10 pul. ATP (working cone - 35mM)

‘l'ukcﬁ()l\)w} and let run out

Then add activated RuBisCO

Take OD1y, and let run out

Add 0.2mM RuBP and take Oy, at interval of 1 sec upto 400-300sccs

The mass extinction coetficient and the molar extinction coefficient are the parameters
defining how strongly a substance absorbs light at a given wavelength, per mass density or
per molar concentration, respectively. The expecied observation in the present assay is sudden

drop in O, upon addition of substrate. IFrom the slope of the linear part of the progress
curve, the enzyme velocity is obtained as the amount of substrate converted during a unit
time. A catalyzed reaction must initially follow a lincar relationship, from which its velocity
can be caleulated. Further, upon depletion of the substrate, the reaction velocity decrease and
then ultimately ceases. Therefore, it is essential that in order to obtain velocity of the reaction,
only lincar part of the progress curve should be evaluated.
Considering the linear part of the curve, the change in absorbance per minute was found out
and used for calculation of enzyme activity. The formulas uscd are as follows:

/min Test - AAuom/min Blank) (1) (dilution factor)

Units/ml. enzyme = (AAionm
(4) (6.22) (volume of enzyme used)

= total volume (in ml.) of assay
4 = 4 pmoles of p-NADH are oxidized for each pmole of RuBP utilized

6.22 - millimolar extinction coefficient for B-NADH at 340nm

Units/mg solid = Units/ml. enzyme

mg/ml. of enzyme
One unit of enzyme will convert I wmole of RuBP and CO: to 2Zpmoles of 3-phosphoglycerate

per minute at pH 7.8 at 25°C.
Y146 Det ination of Michaelis Menten constant and turnover number of the ezyme
<. L. 840, IOV )i
The K RuBP is measured by adding activated RuBisCO to assay mixtures containing RuBP
> Ky Ru S % )

| 5. 2.0 and 2.5mM (working concentraion). Ky is the concentration

concentrations 0.5.1.0,
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3.1. Introduction

The belief of occurrence of cell compartmentalization in eukaryotes alone was challenged by
the discovery of carboxysomes in cvanobacteria in 1961 (Jensen and Bowen 1961), followed
by subsequent observation of more such microcompartments in proteobacteria. Bacterial
microcompartments (BMCs) are polyhedral protein complexes (40-200 nm in diameter),
encasing metabolic enzymes encapsulated in a protein shell and are utilized by several
prokarvotes to create optimal conditions for certain metabolic processes such as carbon
fixation. ethanolamine utilization, 1.2 propanediol utilization etc. (Kerfeld et al., 2010). The
BMCs serve to conserve the metabolic pathways enclosed in it from the rest of the cellular
environment for several possible reasons, which could be prevention of release of toxic
metabolites, enhancing the metabolic capability of certain molecules, ete. (Penrod and Roth
20006; Sampson and Bobik 2008). The major kinds of BMCs discovered till date include
carboxysomes (carbon fixation) (Jensen and Bowen 1961), Pdu BMC (1.2 propanediol

utilization) (Chen et al., 1994) and Eut BMC (Lthanolamine utilization) (Kofoid et al., 1999).

The most extensively studied BMC is carboxysomes. Carboxysomes are a part of a carbon
concentrating mechanism of cyanobacieria and some  proteobacteria. The carboxysomes
evolved in order to overcome the inefficiency of enzyme Ribulose-1, 5-Bisphosphate
Carboxylase/Oxygenase (RuBisCO), which it suffers at the hands of photorespiration because
of its fickle specificity to carbon dioxide and oxygen (Badger et al., 1998). The B-
carboxysomes constitute structural proteins CemK, Ceml and CemO which form the
carboxysome shell and CemM, CemN which are enclosed by the carboxysome shell along
with RuBisCO (Kaplan and Reinhold 1999; Badger et al., 2002; Cannon et al., 2002). The
CemK and CemO possess the BMC domain while the CemL protein constitutes the
Pfam03319 domain. The BMC domain proteins form the 20 flat facets of the shell while the

Pfam03319 domain proteins form the pentamers,that provide curvature to the carboxysome

shell by occupying the 12 vertices (Tanaka et al., 2008).

The Pdu microcompartments sequester an intermediate of 1.2 propanediol degradation
(propionaldehyde) so as to avert toxicity. The Pdu BMCs are formed of 14 different
polypeptides viz. PAuABB’CDEGHIKOPTU (Havemann and Bobik 2003). The shell is
composed of BMC domain proteins PAUABB'JKTU and the enzymes of the metabolic
pathway constitute Pdu CDE (Bi: dependent dehydratase), PduGH (diol dehydratase), PduO
(adenosyl transferase) and PduP (Propionaldehyde dehydrogenase) (Havemann and Bobik
2003). Eut BMC is found in bacteria utilizing ethanolamine as carbon, nitrogen and energy
source. formed as a result of phosphatidyl ethanolamine degradation in mammalian
gastrointestinal tract (Kerfeld et al., 2010). The exact protein composition of Eut BMCs is
unknown till date because the purification of the Fut BMCs is still not reported. The
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olutionary history of CcmK amino acid sequences inferred by using the Maximum

1 2008 model. The tree with the highest log likelihood (-
hich the associated taxa clustered together is shown next
itial tree(s) for the heuristic search were obtained by applying the Neighbor-Joining
ise distances estimated using a JTT model. A discrete Gamma distribution was
rate differences among sites (5 categories (+G, parameter = 0.6365)). The tree is
engths measured in the number of substitutions per site. The analysis involved

¢ were a total of 135 positions in the final dataset. Evolutionary analyses were

3-26







































Distribution and Diversity of CCM proteins CHAPTER 3

genome. The phylogenetic analysis, the genetic arrangement and the degree of conservatiot
for the B carboxysome proteins adds to the evidence of in-situ formation of the c¢em operon
Further. the structural and functional homology to the BMC shell proteins of othe
microcompartments (Pdu /Eut) signifies the evolutionary relation between the two. Th
CemM and CemN proteins were not tound to have no protein homolog among the protein:
available at NCBI database apart from the homologs as result of common domains
suggesting the evolution of these by mechanisms like domain shuftling, gene fusion or gen:
fission. The CemK proteins of the f-cyanobacteria when analyzed were found 10 be present i
several copies, emphasizing the importance of the protein in shell formation. Further, it wa
tound that the number of CemK encoding genes has increased along the lane of evolution, a;
the carly diverging cyanobacteria had the minimal number, which was passed on vertically
and then subsequent duplication events took place. The further role and importance of each o
the CemK proteins can only be appreciated by analyzing the role of each and the effect o

cach on the overall efficiency of the carboxysome machinery.



Distribution and Diversity of CCM proteins CHAPTER 3

Supplementars Tables

Table 3A-8: BLASTP hits for amino acid sequence of CemK from G vicdacens PCC 7428 Trom various phy la of Eubacteria and

Archaca
SNo | Phylum Total | 110 | CemK | Other Names of other proteins
His | ° and proteins
- 10 | and
) [BRUN
| Archaca 9 0 0 0 .
2 Actinobacteria 100 100 3 09 PduA. Emd. BMC domain protein
3 Aguilicae Il 0 0 0 -
4 Armatimonadetes
3 Bacteroidetes Chlurobi 100 H - n Carboxy some shell protein, FutM,
_pdu'l, hypothetical protein
O Caldiserica 42 L () 0 -
7 Chlamydiace 100 0 0 0 -
8 Chloroflen 14 3 0 3 LutM, carboxysome shell protein
Y Chn stogenctes 13 0 0 0 -
[ T0_ | Cyanobacteria o0 [too__ w0 -
11 Delerribacteres 2 0 0 1] -
il Deinococcus-thermus 2 [ 0 0 -
13 Dictyoglomi 4 0 ] 4 -
14 I husimicrobia [§ 0 0 U -
3 I'ibrobacteres Acidobacter 21 )2 1 11 LwM. Carboxysame shelf protein,
microcompartment protein
16 | Firmicutes oo 100 8 92 LutM. pduA, carboxysame shell protein
17 I usobacteria 100 79 ] 77 Carboxysome shell protein, FutM,
pdul’, hvpothetical protein
18 Gemmatimonadetes I 5 0 5 EutM
4 Nitrospinae 3 0 0 0 -
20 Nitrospirue 101 0 0 0 -
2l Planctoms cetes 46 36 1 35 (‘:}fho.\.\'somc shell protein, EutM,
microcompartment protein
22 Alpha Proteobacteria 52 33 22 10 EutM, pduA
23 Beta Proteobacteria 34 46 34 2 EutM, pduA, EmK, pdu)
24 Ganuna Proteohacteria 100 100 AL 59 LutM, pdul, pduA
23 Delia Proteobacteria 101 70 40 30 EutM. pduA, EuiK, Biotin ligase
20 I:psilon Proteobacteria 2 0 0 0 -
27 Spirochaetes 24 20 0 20 Carboxysome shell protein, EutM,
|_hypothetical protein
2R Synergistetes 71 36 3 33 Carboxysome shell proiein, EulM, pdul
29 I enericutes 12 4 0 + Propanediol utilization proicin, LutM
30 I'hermodesulfobacteria 2 0 0 0 -
31 Thermotogae 13 (Y] 0 0 -

Tuble 3B-S: BLAS TP hits fur amino acid sequence of Ceml. from G violucens PCC 7421 from various phyla of Eubacteria and

Archaca _ T TR = _
73(', Phylum I;;),l,:l k ¢ le |‘()"1P antjr ."i‘}‘;‘f‘“ Names ol other proteins
1 Archaca 2 0 0 0 -
2 Actinobacleria 78 22 I 2 EutN, PduN, hypothetical protein
3 Aquificae 1 0 0 0 -
4 Armatimonadetes 9 0 0 0 -
5 Bacteroidetes/Chlorobi 100 13 0 13 EuwtN, hypothetical protein
6 Caldiscrica 3 0 0 0 -
7 Chlamydiae 3 0 0 0 -
8 Chloroflexi 10 (l) 3 (1) TN
9 Chnysiogenetes 8 "
10 B Tfa—mbacxcria 100 100 86 11 N
11 Delerribacteres 2 4] 0 0 -
12 | Deinococcus-thermus 0 0 0 0 .
13 | Dictyoglomi 8 0 0 0 -
14 L:lusimicrobia 50 0 0 0 -
15 | Fibrobacwres/Acidobacter 18 11 0 11 EutN, hypothetical protein
16 Firmicutes 100 100 10 90 1<$::;lsgp;g:ht.:: ::1 ;']l gt—:::::::‘
17 Fusobacteria 38 33 2 3 EutN, hypothetical protein
18 Gemmatimonadetes 13 3 0 3 FulN, hypothetical proicin
19 Nitrospinae 9 0 0 0 ”
20 Nitrospirae 9 0 0 0 R
21 Planctomycetes 52 3 8 33 TN
22 | Alpha Proteobacteria 38 17 R 9 FuiN












































































Cloning and Characterization of RuBiscm

Table 4A: Locus of L and S subunit of RuBisCO in the genome of the organisms with RbeX

rbeS(locus  in

Organism rbcL(locus in bp) bp) rbcX(locus in bp)
Gloeobacter violaceus PCC 7421 | 2307046-2308470 | 2308900-
: 2 2309200 2308500-2308877
Synechocystis sp. PC C 6803 2478414-2479826 %:ggg;‘ 2480034-2480444
Anabaena sp. PCC 7120 1785970-1787400 :;g;ggg’ 1787495-1787893
17?' i:::;}mos;vnechococcus elongatus 1574633-1576060 llg;i ?ég- 1574199-1574579
. ) ) 4389543-
Microcystis aeruginosa NIES-843 | 4390428-4391843 4389383 4389899-4390297
?3”0";6”0“’“”3 clongatis PCC | 139920141338 | 139494-139829 | 26926842693 169
1881910-
synechococcus sp. PCC7002 1882749-1884164 I 88224112 1882276-1882680
> . 1774474
;ijcz?;od:loz is  marina  MBIC 1775408-1776838 il 1774874-1775275
4853884-
5 4855128,
Anabaena variabilis ATCC 29413 | 4857469-4858899 4856590, 4856976-4857374
4856919
?;Z;chococcus elongatus  PCC| 4294611480879 }:g?%g' 1595486-1595944
fﬁ;ecﬁococcus . JALIBE | 9682338-2683762 | 28153 2681864-2682271
1209115-
Synechococcus sp. JA-3-3Ab 1207204-1208628 1200447 1208699-1209106
3280671-
Cyanothece sp. ATCC 51142 3281510-3282925 3281006 3281030-3281428
5265663-
5265992,
5267505-
Nostoc punctiforme ATCC 29133 | 5263600-5265030 5268779 5265208-5265615
5380153-
5382162
2407801-
Trichodesmium eryihracum | 6791736-6793166 | 2399072, 6791096-6791482
6790922
1061844-1063007, | 1502367-
Cyanothece sp. PCC 7424 1503225-1504643 1502702 1502734-1503141
3372003-
3372347,
Cyanothece sp. PCC 7425 3372018-3374348 | 3scong. 3372423-3372818
4358000
1677472-1678890, | 1679403-
Cyanothece sp. PCC 8801 2144196-2145281 | 1679738 1678968-1679372
4151888-
Arthrospira platensis NIES:39 | 4152769-4154199 | 112088 4152272-4152637




Cloning & Characterization of RuBisCom

Table 4B: Locus of L and S subunit of RuBisCO in the genome of the organisms lacking RbeX

Organisms

rbcl(locus in bp)

rbcS(locus in bp)

Prochlorococcus marinis SS120

524454-525866

525970-526311

Prochiorococcus marinus MEDS

519087-520502

520592-520933

Prochiorococcus marinus MIT9313

1293386-1294798

1292937-1293278

Synechococceus sp. WHS 12

1651727-1653142

1651326-1651667

Svnechococcus sp. CCY902

1563311-1564723

1562850-1563191

Svuechococeus sp. CCY603

716826-718241

718301-718642

; PR B 97
Prochlorococcus marinus str. MIT 9312

513733-515148

515243-515584

Prochlorococens marinus str. AS9601

529175-530590

530681-531022

Prochiforococcus marinus str.

MIT 9515

549602-551017

551111-551452

- MIT 9303

Prochlorococcts merinis Sr.

737613-739025

739134-739475

-« NATL1A

Prochlorococcus marinis str.

549278-550690

550791-551132

« MIT 9301

Prochiorococceus marinus str.

503604-505019

505109-505450

Svnechococcus sp. RCC307

744350-745765

745825-746166

Svnechococeus sp. WH 7803

674560-675975

676035-676376

- MIT 9215

555111-556526

356620-556961

Prochitorococceus marinus st

« MIT 9211

517060-518472

518572-518913

Prochlorococens mariius st

Chlorobium tepidum TLS

eudomonas palustris CGADDY

1677980-1679287

1731700-1733157

1733171-1733593

Rhodops

Svnechococcus sp. pCC 931!

s 124
Prochlorococcus martiies NAT.

1750450-1751862

1750005-1750346

536918-538330

538431-538772

a4.72n












































































































Cloning & characterization of CCM proteins of G. violaceus JK® s X ¥ 2 1 ¥

mentioned in chapter 2 in Tables 2D, 2E and 2F, respectively. The Figure SD(i) shows the
PCR amplified ceml. region, of approximately 300bp (exact size of the gene is 303bp), of the
G. violaceus genome. The product hence obtained was cloned into pCOLDIT vector between
restriction sites Ndel and Vhol using standard cloning protocol (mentioned in chapter 2). The
recombinant plasmid generated was confirmed by restriction digestion with the Ndel and
Ndel-Xhol, 10 observe the shift in the size of the DNA single digested and double digested,
respectively (Figure SH). The sequence of the recombinant plasmid was also confirmed by
DNA sequencing. The clone once confirmed was transformed into £. coli BL2I(DE3)pLysS
cells and the ceml gene was induced in the presence of IPTG @ ImM (working
concentration), after a cold shock at 15°C for 30 minutes. The expected molecular weight of

the Ceml. protein estimated by using online tool by Expasy (http://web.expasy.org/cgi-

bin‘compute pi/pi_tool ) is 10829.39 daltons. Since, the protein is chimeric with a fused his-

tag (approx molecular weight of his-tag is 1000daltons), the expected molecular weight is
about 13kDa (Figure 51). The cold shock and IPTG induction lead to expression after | hr of
induction. The expression was found to increase upto 7 hrs post induction, after which the
protein expression decreased.

5.3.3. Cemiv

The CemM protein is a multidomain protein. There is an N terminal y carbonic anhydrase
(CA) domain and C terminal RuBisCO small subunit (SSU) repeats. The y CA domain has
been reported to be functional carbonic anhydrase in Thermosynechococcus  elongatus
BP1CcemM protein. Further, as reported by Long et al. (2007) the CemM protein, a product of
~2000bp gene, leads to formation of two proteins from the same genetic code by virtue of the
internal ribosomal entry site (IRES) present in its sequence. The M358 and M35 are the two
forms of CemM encoded from genome of Synechococcus elongartus PCC 7942, Long et al.
(2007) have reported M35 to be involved in assembly of RuBisCO and M58 to have role in
encapsulation of the RuBisCO-M35 complex by the shell proteins. The G. violaceus PCC
7421, CemM protein was analyzed to identify the putative IRES. Further, the N terminal of

the protein was searched to identify the conserved, functionally important residues of y CA in

order to predict its role.

5.3.3.1. Prediction of IRES

The gene sequence of CemM of G. violaceus PCC 7421 was retrieved from Kazusa Genome
Resource. The IRES is characterized by the occurrence of the Shine-Dalgarno (SD) sequence
i.c. a ribosomal entry site in mRNA gencrally located ~8bp upstream of the start codon. The
Shine-Dalgarno sequence occurs in bacterial as well as Archaea sequences and also the

chloroplast and the mitochondrial transcripts. It is a six-base consensus sequence AGGAGG,
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6.3. Results and Discussions

6.3.1. Rhodospirillum rubrum RuBisCO

R rubrum is a proteobacteria and possess form 11 RuBisCO. The RuBisCO of
very well characterized and the crystal structure for the same is als ork .ruln-m;, s
objective of purification of R. rubrum RuBisCO and analysis of its lji:(j .dclit‘l‘mmcd‘ The
study was firstly. to test the accuracy of the purification procedures as \\':::L'S-”: thc P"f‘sem
assay and sccondly, to determine the effect foreign RuBisCO SSU on the « -d-b “L.RUBISCO
The R rubrum RuBisCO (pLET15b-R. rubrum RuBisCO) rcadill]'n‘: »dcuvny Ol. the same.
BI1.21(DE3)pLysS by IPTG induction @ 0.5mM after 1 br, l‘lplO I()Iirs"(:::,cssCd ) L ol
culture of £ coli BL2I(DE3)pLysS  wransformed with pLT/15b-R ruhrul;;u[l: SB)C(; he 2L
T uBisCO, after

The protein was purified to homogencity by IMAC (Figure 6C), desalted by P

into thrombin buffer. The protein purified was gel cluted by ll'\"pli;: di"‘CSli()|1)) 1[')“) colunn

MALDI-TOF. Figure 6D shows the MASCOT results of the ;)rolein Dwith $ ‘an( lealflzed.b)’

suggests that the probability of detecting the sequence of R. rubrum ‘lhlBisg(O)rjx:):th WhlC|h
: sample

analyzed by chance

RuBisCO activation buffer and stored at -80°C until further used

is less than 3%. After cle . of .
‘ ter cleavage of the his-tag, protein was exchanged int
‘ & 0

RuBisCO activity was analyzcd at different enz i
‘ q Yz zyme concentrations of i
of the 3 1
the presence of different concentrations of the sub RuB o o
. e substrate RuBP. The Fi
. The Figure 6E i and ii
‘ . ! ii show
the trend of decreasc i ODsy with an increase in conc . ‘
. ncentration of the protei
rotein and substrat
. « ‘ | j e
rcspccll\’C])’- [he decreasce 1n optical density after the initial 10-30 seconds i f ,
s lLe. after the
. . A - Y Y s ! . '
addition of substrate RuBP 1s found to be maximum upto 40p ki
g (working concentrati F
ation) of the
ction mixture. The maximum of 1.18 che i i
. ange in optical densi
ity at 340nm per

in in the reé
ved. Figure OF(i) shows the activity of R. rubrum RuBisCQ at diff:
at ditierent

prote

minute was obsel
s found to increase upto 40pg, beyond which all the active

onccnlralions, which i

working €
to have saturated in the presence of the provided reacti
action

s of the protein appear
action intermediat
Lows the effect of RuBP concentration on the activity of the protei

e proten at

site

conditions or the 1¢ cs are limited to cause any further increase in activit
as acliivi y.

|-urther, Figure o F(ii) sl

40pg working concentration.
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residues involved are 3-4. The results can be justified by the fact that R. rubrum RuBisCO
LSU (Form 1) is very difterent from 7. ¢longatus RuBisCO LSU (Form 1), and hence many
interacting residues are not conserved. Although, 6 out of 16 residues are conserved but they
were not found to be involved in interaction with SSU, possibly because of difference in

tertiary structure arrangement of the residues with respect to SSU, as compared to that in case

of form [ RuBisCO LSU.

The results obtained suggest that the interaction between Form 11 LSU and Form 1 SSU does
take place but is different from that observed in Form [ RuBisCO. As reported by Lun et al
(2014), RuBisCO small subunit is speculated to work as a CO, reservoir by virtue of its
hydrophobic amino acids that have greater tendency to bind CO.. The enzymatic assay
performed in the present study showed a decrease in activity of R. rubrum RuBisCO in
presence of increasing concentration of a foreign SSU. This could possibly be firstly, because
of overcrowding by the SSU around the LSU making the active site inaccessible to the
reaction metabolites or secondly because of binding of CO, to SSU, which did not interact
with LSU as much as expected/ interacted in a manner different from expected and hence

created a Ci deficient environment.
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The in-silico estimation of interaction benveen G, violaceus Rbel. and G. violuceus RbeS

The in-silico generated models for G. violaceus Rbel. and RbeS were subjected to energy
minimization and validation as mentioned in chapter 4. The RuBisCO protein assembly as
reported by Liu et al (2010) is initiated by formation of the Rbel. dimer with the help of RbeX
which eventually replaced by the RbeS subunits. Hence, the interaction analysis was
performed according to similar pattern, viz. the interaction between the Rbel dimer and the

RbeS subunits was estimated.

The G. violaceus Rbel. protein dimer interactions were estimated by protein-protein docking
using GRAMMX online server. The outputs generated were analyzed to identify the most
biologically significant set of interactions by comparing with the already reported
residuesinvolved in such interactions (mentioned in Table 6C). The outputs were validated by
binding energy involved and the surface area in contact during such interaction. The
interaction file after validation by PDBePISA (Krissinel and Henrick 2007) showed TASY of
15.1Kcal/mol and buried surface arca of 2383.6A%. As reported by Day et al (2012), the most
efficient protein-protein complexes involve ~20Kcal/mol/ A’ of binding energy and require

~500 A~ arca of contact to form a stable complex.

In the next step, the G. violaceus Rbel. dimer and the G. violaceus RbeS docking was
conducted. The GRAMMX outputs generated were analyzed. Figure 6P shows the different
arrangements of the subunits as estimated by the outputs generated by the docking server. The
output files I and 2 showed interactions of RbeS with RbeLLA (monomer 1) and RbcLB
(monomer 2), respectively via the same sct of residues. Among the residues participating
trom the Rbel. viz. Arg338, Arg359, Asp395, Argd30, Asp356, Arg388, Gly394, Argd38 and
Gly433, none were found to match with the residues of 7. elongatus reported to be involved
in Rbel.-RbeS interactions. While the RbeS residues viz. Glull, Thr12, GIn95 and Met55 are

also involved in similar interaction in the RuBisCO protein from T. elongatus.
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The analysis shows possible interaction between G. violaceus Rbel. dimer and CemM IRES
bearing TAS®™ of 14.6Kcal/mol and involving buried arca of 7668.7A. The in-vitro studies
suggest, no cffective augmentation in the specific activity of the large subunit but a slight
enhancement in the affinity of the protein for the substrate RuBP. Further, some residues of
CemM IREST viz. Arg92, Leul89, Arg91, Glu256 and Ser299 have been identified to be

involved in interaction with both the form [ and form Il RuBisCO large subunits.

6.4. Conclusions

The in-vitro analysis conducted in the present study viz. the complementation of large subunit
of form 1 and form II RuBisCO with the small subunit and the CcmM protein from G.
violaceus showed different kinds of effect on the activity of the former. The small subunit
where found to augment the activity of the large subunit of form | RuBisCO, lead to
deterioration of the activity of the form Il RuBisCO. The same when analyzed in-silico,
showed possible interaction between both set of proteins but via different set of residues and
hence leading to different kinds of interactions between the proteins under study, one leading
to augmentation in activity and the other leading to decrease in activity. Further, the CemM
protein of G. violaceus when analyzed for its effect on the two forms of RuBisCO used in the
study, showed a similar effect. The catalytic rate of both the forms was found to decrease with
increasing concentration of CemM but the affinity for the substrate was found to be enhanced,
indicating the role of certain residues of CemM possibly having some role in binding RuBP

around the catalytic site and hence making it more readily available for carboxylation.
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7.1 Conclusions

I'he conclusions drawn from the present work can be summarized as mentioned below in the

order of their appearance in the thesis.

7.1.1. Distribution and Diversity of Carbon Concentrating Mechanism Proteins of -

Cyanobacteria

I'he analysis was conducted to find out the presence/absence of the carboxysome forming

proteins across various phyla of Eubacteria in order to trace their evolutionary path. The

analysis was conducted using the CCM proteins of G. violaceus PCC 7421, early diverging
s = S

cyanobacteria. The CCM protein homologs were found in various eubacterial phyla.

The shell proteins viz. CemK, CemL and CemO homologs were found in
Actinobacteria, Fibrobacteres, Fusobacteria, Planctomycetes, o Proteobacteria, f
Proteobacteria and y Proteobacteria. It is to be noted that these phyla are devoid of
homologs for CemM and CemN proteins as they have a-carboxysomes. Only

Cyanobacteria were found to have complete set of f-carboxysome constituting

proteins.
The close homology of the shell proteins by virtue of the BMC domains supports the

fact the shell proteins of carboxysomes are evolutionarily linked to shell proteins of

microcompartments involved in Ethanolamine utilization and Propanediol utilization

pathways.

FFurther, the absence of any homolog for the CcmM and CemN proteins across

[Fubacteria suggests that the two proteins have possibly originated by domain

shuffling (needs to be proven) between the carbonic anhydrase protein and the

RuBisCO small subunit protcin domains (both carbonic anhydrase and RuBisCO

exist in carboxysomes).

The congruency in the phylogenctic arrangement according to 16S rRNA and /6S

FRNA-rbcl-p)
and its vertical successio
ancestral with respect to CCM proteins.

violacens PCC 7421 could possibly be dated back to the time of

w11 with that of ccm/cso operon implies in-situ formation of the later

n. Contrary to as expected, G. violaceus was not found to be

The origin of G.
‘win of oxygenic photosynthesis. Although being ancestral the CCM seems to have

orig

d in some other intermedia

and also to further cyanobacterial lineage formed in

‘sinate te/ancestral organism, passed on to G. violaceus
origin

by horizontal gene transfer

vertical successton.






from G. violuceus being expressed in E. coli. The protein, unlike in other
cyanobacteria failed to express in a soluble form and hence assemble as a
holoenzyme in-vivo. The protein purified yielded very low activity (0.005tMoles of
PGA/min/mg of protein) which possibly is the actual activity of the protein supported
by the fact that the organism has a slow growth rate or the renaturation procedure was
incapable of assisting native folding of the protein. Further, the study reports
existence of some signal in the intergenic region between rbcl and rbeX that caused
inhibition of transcription of the downstrcam genes in £. coli which otherwise is not
inhibitory in G. wviolaceus. The study opens quests for identification of factors
responsible for assembly of RuBisCO apart from RbeX, which is solely responsible
for folding RuBisCO in some; ineffective by itself in others and not required at all in
the rest of form I RuBisCO studied till date.

o The specific activity of G. violaceus PCC 421 RuBisCO LSU at 2mM RuBP
concentration was found to be 0.005uMoles/min/mg. The activity of the protein
increased with an incrcase in RuBP concentration with the Ky RuBP value of
0.1917mM and V¢ value of 0.0002 per minute. The turnover number of the protein
was found to be 0.0029/sec. Further, RbeS of G. violuceus was found to augment the
activity of the large subunit of RuBisCO of G. violuceus. The specific activity
observed after complementation was 0.0196uMoles/min/mg. The Ky RuBP of the
protein for the LSU+SSU complex also improved to 0.102mM and the V. of the
protein complex was found to increase up to 0.01 I/minute. The turnover number of

the protein complex was found to be 0.016/second.

7.1.3. Cloning and Characterization of CCM Encoding Genes of G. violaceus PCC 7421

The CCM proteins were from B cyanobacteria were analyzed for conserved regions and the

s for the same from G. violaceus were cloned and expressed in E. coli.

gene

e Regions of CcmK, CemL and CemO apart from already reported were identified to be

conserved in all homologs of the protein indicating their involvement in some

important  function, possibly the interactions with the lumen proteins of
carboxysomgs.

e Further, the internal ribosomal entry site for CcmM of G. violaceus was estimated by

in-silico analysis. The IRES identified was used to predict the short for of the CemM
protein from G. violuceus and hence its tertiary structure by homology modeling and
threading. The conservation of residues important for carbonic anhydrase activity

were found to be conserved in CemM of G. violuceus. The BLASTP of CemM shows

7-4



Conclusions 6 7:\d¥4:8)

greater homology of the protein with the RbeS of other organisms like Leprolvngbya
than its own RbcS. The possible reason could be because of a common origin of the
protein. Such homology represents an evolutionary link between the two proteins.

The alignment of the CemN proteins from B-cyanobacteria revealed conservation of
regions trimeric LpxA-like domain and the C terminal short peptide, suggested to be
involved in interaction with lumen proteins of carboxysomes. CcmO has conserved
residues similar to those of CemK, hence bringing forth the functional or evolutionary
or both kind of relationship between the two proteins.

All the CCM proteins were successfully cloned into expression vector and upon
induction in the presence of IPTG lead to the expression of expected size of proteins
viz. ~13kDa, ~13kDa, ~71kDa, ~29kDa and ~27kDa for CemK, Ceml, CemM,
CemN and CemO, respectively. The tertiary structures for CemK, CemM IRESI,
CcemN and CemO were predicted by homology modeling.

The CemM protein of G. violuceus was successfully purified by affinity
chromatography under native conditions. The purified protein was used in
complementation studies mentioned in the next section. The protein sequence was

validated by mass spectrometry.

7.1.4. The effect of CemM and RbeS of G. violaceus on catalytic activity of a form 1 (G.

violaceus) and form 11 (Rhodospirillum rubrum) RuBisCO large subunit

The R. rubrum RuBisCO was purified and analyzed for its Kinetics in the present
study for firstly, to test the accuracy of the purification procedures as well as the
RuBisCO assay and sccondly, to determine the effect foreign RuBisCO SSU on the
activity of the same. The specific activity, K, RuBP, V.. and catalytic turnover rate
for R. rubrum RuBisCO was found to be 270.003pMoles of PGA/ min/mg of protein,
0.0490mM, 0.5737/minute and 10 per second, respectively. The comparison with
already available data shows that the results obtained in present study are in
accordance with those reported earlier. Hence the purification procedures and the
RuBisCO activity estimated can be considered dependable for determining the same
for unknown proteins.

The effect of RuBisCO small subunit of G. violaceus on large subunit of R. rubrum
RuBisCO when analyzed suggested that the interaction between Form Il LSU and
Form | SSU does take place but is different from that observed in Form | RuBisCO.
The enzymatic assay performed in the present study showed a decrease in activity of
R rubrum RuBisCO in presence of increasing concentration of a foreign SSU. This

could possibly be firstly, because of overcrowding by the SSU around the LSU
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Abstract

Atmospheric carbon dioxide is one of the primary greenhouse gases on earth and its continuous emission
by manmade activities is leading to a rise in atmospheric temperature. On the other hand, various natural
phenomena exist that contribute to the sequestration of atmospheric carbon dioxide, i.e. its capture and
long-term storage. These phenomena include oceanic, geological and chemical processes happening on
earth. In addition to the above-mentioned nonbiological methods, various biological methods viz. soil
carbon sequestration and phytosequestration have also been contributing to fixation of atmospheric
carbon. Phytosequestration is mainly performed by several photosynthetic mechanisms such as C,, C,
and crassulacean acid metabolism (CAM) pathways of plants, carboxysomes of cyanobacteria and
pyrenoids of microalgae. For an effective mitigation of global climate change, it is required to stabilize the
CO, concentration to viable levels. It requires various permutations and combinations of naturally
existing and engineering strategies. Although numerous strategies are in commodious use in the present
times, the issues of sustainability and long-term stability still exist. We present an overview of the natural
and manmade biological and nonbiological processes used today to reduce atmospheric CO; levels and

discuss the scope and limitations of each of them.

Keywords: carbon; carbon sequestration; phytosequestration; carboxysomes; CO; fixation;
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1 INTRODUCTION

Rise in global surface temperature is the cumulative effect of suc-
cessively increasing concentration of greenhouse gases over
several decades [1]. Green house gas emission results from the
continuous use of fossil fuels which are fulfilling ~85% of
world’s energy requirement [2]. Most of the greenhouse gases
like methane (CH,), nitrous oxide (N0), chlorofluorocarbons
(CFC) and carbon dioxide (CO,) are contributing to overall
climate change, wherein carbon dioxide is playing a major role.
For a while, environmentalists who have been intensely involved
in studying the adverse effects caused by greenhouse gases have
been advocating the removal of excess CO, as the only way by
which one can undo the harm that has already disturbed the
natural balance [3].

In context of crop productivity, theoretically it seems that in-
creasing atmospheric CO, level would enhance plant photosyn-
thesis and ultimately crop productivity but the long-term effects
are uncertain and might involve several side issues such as
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negative effects on plant food web, decreased plant nutritional
values, reduced N content of plant etc. Hence, there has to be a
balance in atmospheric carbon level [4, 5].

Other part of the story says that carbon fixation by photosyn-
thesis can also be considered as a natural method of capturing
atmospheric carbon [6]. In order to overcome negative effects of
global warming and climate change that is being caused by
increased carbon level, people are trying to make improvements
in the naturally occurring photosynthetic reactions by transfer-
ring few mechanisms or several genes from an efficient system
like cyanobacteria, microalgae and C, plants to inefficient
photosynthetic systems such as higher C; plants [7-10]. Success
rate is, however doubtful and, therefore, we need to develop
several strategies to minimize the ever increasing carbon levels so
that side issues associated with it could also be avoided.

‘Carbon sequestration’ is the term given to capturing atmos-
pheric carbon and converting it into forms unable to contribute
to global warming. It is anticipated that in the coming centuries
CO, emissions might double, so there is a serious need to

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

The oxygenase reaction catalyzed by RuBisCO became an issue only after the evelution of the oxygenic photosynthesis in
cyanobacteria. Several strategics were developed by autotrophic organisms as an evolutionary response to increase oxygen
levels to help RuBisCO maximize its net carboxylation rate. One of the crucial advancements in this context was the develop-
ment of more cfficient inorganic carbon transporters which could help in increasing the influx of inorganic carbon (Ci) at the
site of CO; fixation. We conducted a survey to find out the genes coding for cyanobacterial Ci transporters in 40 cyanobacterial
phyla with respect to transporters present in Gloeobacter violaceous PCC 7421, an early-diverging cyanobacterium. An
attempt was also made to correlate the prevalence of the kind of transporier present in the species with its habitat. Basically,
two types of cyanobacterial inorganic carbon transporters exist, i.e. bicarbonate transporters and COz-uptake systems. The
transporters also show variation in contex1 to their structure as some exist as single subunit proteins (BicA and SbtA), while
others exist as multisubunit proteins (namely BCTI, Ndhl; and Ndhls). The phylogeny and distribution of the former have
been extensively studied and the present analysis provides an insight into the latier ones. The in silico analysis of the genes
under study revealed that their distribution was greatly influenced by the habitat and major environmental changes such as the

great oxidation event (GOE) in the course of their evolution.

[Tomar V., Sidhu G. K., Nogia P., Mchrotra R. and Mchrotra S. 2016 Role of habitat and great oxidation event on the eccurrence of three

multisubunit inorganic carbon-uplake systems in cyanobacteria. J. Genet. 95, xx—xx)

Introduction

Cyanobacteria or blue green algae are one of the most diverse
groups of organisms which colonize various niches including
freshwater (rivers, ponds and lakes), polar caps, hot springs,
alkaline, estuarine, open as well as saline oceans. During
the ancient environmental adversities, these organisms along
with certain algal species developed active systems known
as carbon-concentrating mechanisms (CCM) to concentrate
CO; at the site of RuBisCO activity which in turn led to
a positive impact on photosynthetic ability of these organ-
isms (Caemmerer and Evans 2010). This strategy was also
adopted by the land plants and they developed certain
anatomical features (Kranz anatomy) to increase the car-
boxylation activity of RuBisCO, thus reducing the resultant
photorespiratory Josses (Raven et al. 2008).

The CCM present in cyanobacteria are highly efficient
and can accumulate CO, around RuBisCO by a factor of

*For correspondence. E-mail: sandhyamehrotrabits@gmail.com.

1000-fold above ambient levels (Price ef af. 2011). CCMs
in cyanobacteria and proteobacteria as a whole include
(i) RuBisCO and carbonic anhydrases (CA) enclosed in micro-
compartments known as carboxysomes and (ii) Ci trans-
porters, which regulate the CO,/HCO; influx and efflux at
the site of RuBisCO activity and hence lead to a marked ele-
vation in the CO; concentration in the vicinity of RuBisCO.
Cyanobacteria are dependent on active accumulation of
Ci to achieve a satisfactory rate of CO, fixation and growth
(Badger et al. 2002). The efficacy of any CCM relies on the
ability to minimize the loss of CO; from the CO; elevation
zone or the dissolved Ci accumulation zone (Price et al.
2007). It can be accomplished in four ways. First, the accu-
mulation of bicarbonate instead of CO; reduces the chances
of Ci leakage, since the former is less permeable through
the plasma membrane as compared to the latter. Secondly,
the absence of CA activity in the cytosol minimizes leakage
due to wasteful conversion to CO» and subsequent dif-
fusion back to the external medium. Thirdly, the car-
boxysome protein shell is proposed to have specifically

Keywords. inorganic carbon transporters; Gloeobacter violaceous PCC 7421; greal oxidation event; cyanobacteria; evolution;

carbon-concentrating mechanism.
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