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Short Abstract

Past and future adaptations of phytoplankton to carbon dioxide

Jodi N.Young

Photosynthesis is responsible for fixing approximately 111 — 117 Pg of CO, into organic carbon
each year, of which about half is performed by algae in the oceans. Over geological timescales,
photosynthesis by algae was instrumental in transforming Earth’s atmosphere. Despite the integral
role algae play in the carbon cycle, the interaction and feedbacks between CO, fixation by algae and
atmospheric CO, is poorly understood. This thesis expands upon our current knowledge by tracing the
evolution of the key enzyme of photosynthesis, Rubisco, in algae through geological history. It was
found that Rubisco underwent adaptation during distinct periods corresponding with falling
atmospheric CO,. The pattern of adaptation hints at physiological adaptation to varying
concentrations of atmospheric CO, and possibly indicates the emergence of carbon concentrating
mechanisms (CCMs). This adaptation was probed further within the red and chromist algae,
identifying key residues within the Rubisco protein sequence that may influence its kinetic properties.
This research also provided new measurements of Rubisco CO, affinity within the haptophyte algae.
Finally, the importance of HCO; use by phytoplankton in the modern ocean was explored. HCO;’
utilisation was modelled through signals retained within stable carbon isotopes of organic matter
estimate the response to anthropogenic increases of CO,. The results indicate that phytoplankton
utilise a large proportion HCO; which shows little sensitivity to anthropogenic increases of CO,, even
when model predictions are extended to 2100. This thesis demonstrates how algae can respond to

CO, levels over geological and anthropogenic time scales.
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Extended Abstract

Past and future adaptations of phytoplankton to carbon dioxide

Jodi N.Young

Photosynthesis by phytoplankton in the surface ocean draws down atmospheric CO, and fixes it
into organic matter. This process plays a key role in controlling atmospheric composition of CO, and,
over geological timescales, has been instrumental in composing Earth’s atmosphere and thereby
influencing Earth’s climate. The advent of oxygenic photosynthesis, originally by marine cyanobacteria
around 2.7 Ga (Brocks et al. 1999, Summons et al. 1999), resulted in transforming an atmosphere rich
in CO, and negligible O, to one of high O,, able to support complex life. Photosynthesis continued to
play an important role in defining atmospheric composition; the evolution of vascular plants on land
contributed to extensive drawdown of CO, and elevated O, during the Carboniferous (Berner &
Canfield 1989). In the modern ocean, marine productivity is responsible for half of the total carbon
fixed through photosynthesis, equivalent to around 50 Pg C.yr™ (Field et al. 1998). This drawdown of
CO, maintains atmospheric CO, levels at 450 ppm lower than it would be without marine

photosynthesis (Siegenthaler & Sarmiento 1993).

Not only does photosynthesis influence atmospheric composition but atmospheric composition
influences the efficiency of photosynthesis. Indirect effects through altered weathering and
circulation patterns can alter ocean chemistry and nutrient availability for phytoplankton growth
(Harrison et al. 1999). However, at the most basic level, atmospheric composition has a direct effect
on photosynthesis, controlling the CO, fixation reaction. The enzyme responsible for carbon fixation,
Rubisco, can use both CO, and O, as a substrate, catalysing the competing reactions of carboxylation

and energy wasting photorespiration (Laing et al. 1974). External concentrations of CO, and O,
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influence the ratio of these reactions and therefore have significant impacts on the efficiency of
Rubisco. There are a wide range of catalytic properties of Rubisco in different phytoplankton and
other algal groups (Badger et al. 1998) that suggest Rubisco has adapted to shifting atmospheric

composition of CO, over Earth’s history (Badger and Andrews, 1987, Badger et al. 2002, Tortell 2000).

Reconstruction of genetic adaptation within Rubisco over geological time scales makes it possible
to decipher signals of atmospheric change. This research focused on Rubisco genetic adaptation
within the red and chromist algae. These algae are little studied compared to higher plants and green
algae however, they contribute significantly to global CO, sequestration by photosynthesis in the

modern ocean (Falkowski et al. 2004).

In Chapter 2, genetic adaptation was pinpointed in the genes that encode the large and small
subunit of Rubisco, rbcL and rbcS. A large number of DNA sequences from extant marine algae was
compiled and used to reconstruct the evolution of rbcL using phylogenetics and molecular clocks, that
provided a history that extended back 1.5 Ga. Genetic adaptation, identified as positive selection, was
determined using Phylogenetic Analysis of Maximum Likelihood (PAML). It was determined that algal
Rubisco has indeed evolved adaptively during ancient and distinct geological periods. This adaptation
occured basal to the radiation of modern marine groups. This signal of positive selection appeared to
correlate with declining atmospheric CO, but was most likely an indirect relationship. It is discussed
how low atmospheric CO, drove a number of physiological innovations that alter intracellular CO,
concentrations at the site of Rubisco. It is the change of intracellular CO, that influenced adaptation in
Rubisco. These physiological innovations include the development of carbon concentrating
mechanisms (CCMs). The emergence of CCMs have been speculated to have been driven by low
atmospheric CO, (Badger & Andrews 1987, Badger et al. 1998, Badger et al. 2002, Tortell 2000) and

therefore provide a link to atmospheric CO,. Within the ecologically important Haptophyta (including
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coccolithophores) and Bacillariophyta (diatoms), positive selection occurred consistently during
periods of falling Phanerozoic CO, and suggested an emergence of carbon concentrating mechanisms
(CCMs) at this time. During the Proterozoic, a strong signal of positive selection after secondary
endosymbiosis occurred at the origin of the chromist lineage (1.1 Ga), with further positive selection
events until 0.41 Ga, that implied a significant and continuous decrease in atmospheric CO, which
encompassed the Cryogenian Snowball Earth events. It was surmised positive selection in Rubisco had

been caused by declines in atmospheric CO, and hence acts as a proxy for ancient atmospheric CO,.

While Chapter 2 constrained the presence and timing of positive selection within Rubisco, Chapter
3 explored how these changes of the genetic sequence can alter the structure and thereby, influence
catalytic properties, of the Rubisco enzyme. Due to the lack of a model species within the red and
chromist algae, mutagenesis studies cannot be used to determine the precise effect of the genetic
changes under positive selection. Therefore, possible kinetic effects exerted by these amino acid
substitutions were deduced from their location in secondary and tertiary structure and by the change
in amino acid properties that resulted from these substitutions. These changes were considered in the
context of known relationships between amino acid changes and enzyme kinetics based on studies in
green algae and higher plants, and our current knowledge of kinetic properties within red and
chromist algae. A putative role was ascertained for a few of the residues detected under positive
selection. Rubisco large subunit residues 156 and 347 (numbered according to spinach) in Laminariales
and 262 and 288 in the red and chromist algae, seem to be involved in holoenzyme assembly. Residue
172 in the red and chromist algae may play a role in regulation during oxidative stress. Within the
small subunit, residues under positive selection may be involved in regulation during oxidative stress,
packaging of Rubisco and may even influence Rubisco affinity for CO,. Furthermore, this research has
expanded the current knowledge of Rubisco kinetics from red and chromist algae by determining the

affinity for CO, from measuring the half saturation coefficient for CO, (K.) of Rubiscos from four
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haptophyte algae of which three have not been measured before. These measurements reveal a

variation in Rubiscos affinity for CO, in haptophytes that has not previously been described.

The previous two Chapters linked Rubisco kinetics, CCM emergence and atmospheric CO, over
geological timescales in terms of genetic adaptation. However, on shorter time scales phytoplankton
can respond to shifts in environmental concentrations of CO, by regulation of the expression of the
carbon acquisition and photosynthetic machinery. This is of particular importance when predicting
how phytoplankton will respond to anthropogenic increases of CO,. In the modern ocean the
equilibrium concentrations between the carbonate species: CO,, HCO; and CO,” result in
concentrations of CO, (CO,.,q) considerably lower (10-30 UM, Zeebe and Wolf-Gladrow, 2001) than
Rubisco’s species-dependent, half saturation coefficient for CO, (a K. of 20 — 90 UM, Badger et al.
1998). However, marine photosynthesis is not limited due to the presence of CCMs in the majority of
marine algae (for reviews see Giordano et al. 2005, Reinfelder 2010). This presence of CCMs, in
particular, the ability of phytoplankton to take up HCO; raises questions to whether they will respond
to anthropogenic increases in CO,. While HCO; use is well established to occur in some species
(Giordano et al. 2005), its distribution, extent and regulation at the global level is poorly understood.
Stable isotopic fractionation of carbon into organic matter (gp) is sensitive to HCO; use. This research
exploited this sensitivity to determine the spatial and temporal variation of HCO; utilisation from a
newly compiled, large dataset of €p across the global surface ocean, spanning the 1960s to today.
Applying a simple model of phytoplankton carbon acquisition, it was demonstrated that a large
proportion of fixed carbon is derived from HCO;'. This proportion varied spatially as a function of the
external concentration of CO,, ranging from near 70 % at the equator to 55 % at the poles. The model
was validated at a temporal scale with a multi-decadal time series of ep from Bermuda sediment
traps, where it was found HCO; use had decreased by only 1 % between 1978 and 2000. Estimates of

HCO; use was extended into the future at a global distribution, and it was predicted that an
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atmospheric pCO, level of near 900 ppm at the year 2100 (scenario A2 from IPCC Emissions Report,
IPCC 2000) would only reduce the proportion of HCO; use to 50 % in the subtropical/tropical regions
of the ocean and to 30 % in the polar oceans. It was speculated that, since this reduction of HCO; use
is small compared to the large proportion of HCO; utilised by phytoplankton, phytoplankton will
show little direct sensitivity to anthropogenic increases of CO,. It is more likely other climate change
driven effects, such as increased thermal stratification, will have a larger influence on phytoplankton

productivity.

Either genetic adpatation over geological timescales or regulation of carbon acquisition on shorter
time scales, will lead to a shift in photosynthetic efficiency which will alter the rate of CO, drawdown
by phytoplankton. The altered marine biological sink for CO, can influence atmospheric composition,
and thereby close the loop between the environment and marine photosynthesis. An understanding
of the interactions and feedback mechanisms between atmospheric composition, surface ocean
chemistry and carbon acquisition by phytoplankton will help us reconstruct past climate and predict

future responses.
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Nomenclature
8¢ 3c0, fractionation
Q Rubisco specificity
2-PG 2-Phosphoglycolate
3-PGA 3- Phosphoglyceric acid
ATP Adenosine Triphosphate
ADP Adenosine Diphosphate
Bicine N,N-Bis(2-hydroxyethyl)glycine
BSTFA N,O-bis(trimethylsilyl) trifluoroacetamide
CBB Calvin-Benson-Bassham cycle
CCM Carbon concentrating mechanism
C.i. 95 % confidence interval
Co5” carbonate ion
COy(aq) concentration of dissolved CO,
DNA deoxyribose nucleic acid
DIC(aq) concentration of dissolved inorganic carbon
dNTP Deoxyribonucleotides
DTT Dithiothreitol
EDTA Ethylenediaminetetraacetic acid
EPPS 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid
fmol femtomoles (10™)
HCO3 (a) dissolved concentration of bicarbonate ion
LSuU Large Subunit
G3P glyceraldehydes-3-phosphate
Ga billion years
Gt gigatons
g gravity
K. half saturation coefficient for CO,
Ko half saturation coefficient forO,
kyr thousand years
PAL Present Atmospheric Level
Pg Petagrams, 1 Pg=10"g
ppm parts per million
Ma million years
mM milimolar (1073)
pM micromolar (10°°)
NADPH/NADP+ Nicotinamide adenine dinucleotide phosphate, oxidised/reduced form
NPP Net Primary Production
nM nanomolar (107°)
pmol picomoles (10™)
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PSI Photosystem |

PSlI Photosystem I

rbcl gene encoding large Rubisco subunit

rbcS gene encoding small Rubisco subunit

RLP Rubisco like protein (Form IV)

rpm rotations per minute

Rubisco Ribulose 1, 5-bisphosphate carboxylase/oxygenase
RuBP Ribulose, 1,5- bisphosphate

SSU Small Subunit

TAE Tris-acetate-EDTA

Tris 2-Amino-2-hydroxymethyl-propane-1,4-diol
yr years

I —
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Chapter 1: Introduction

1.1 The role of marine biosphere in the carbon cycle

1.1.1 Role of marine productivity in the carbon cycle

Marine productivity, atmospheric composition and ocean chemistry are all tightly linked through the
carbon cycle. Fluxes between, and sizes of, these carbon reservoirs play an important role in defining
Earth’s climate. There are two major carbon cycles: slow and fast. The slow carbon cycle is abiotic,
though catalysed by life. Carbon is stored within the sediments and crust, supplied from the atmosphere
through weathering (facilitated by biology) which is recycled through tectonic activity and volcanism
(Katz et al. 2007). This slow carbon cycle works on time scales of hundreds of millions of years and it is
assumed that the balance between volcanism and weathering drives the cycle (Katz et al. 2007). The fast
carbon cycle transfers CO, through atmosphere, oceans, lithosphere and biology. This cycle is controlled

by redox chemistry and largely driven by biology (Falkowski 2001).

The biological component of the short term carbon cycle can be explained as redox reactions of
photosynthesis and respiration. During oxygenic photosynthesis, CO, is reduced into organic carbon
through a process that oxidises water and releases O,. This carbon can be recycled back to the abiotic
environment through respiration (and abiotic combustion), where O, (or another electron acceptor in
the case of anaerobic respiration) is reduced to reoxidise organic carbon which is released as CO,
(Guidry et al. 2007). However, if organic carbon is removed (e.g. buried in sediments) it is unable to be

oxidised and O, can build up in the atmosphere (Katz et al. 2007).
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1.1.2 The pathways of autotrophic carbon fixation

The advent of oxygenic photosynthesis transformed Earth’s atmosphere to one of high O,, low CO,.
Oxygenic photosynthesis is a form of autotrophic carbon fixation where, CO, is reduced to organic
carbon through using the Calvin Benson Bassham (CBB) cycle (Bassham et al. 1954, Figure 1-1) and the
reductive power is generated through oxidation of H,0, liberating O,. However, there are a total of six
pathways of autotrophic carbon fixation, though the contributions of the other pathways to the global
carbon budget are considered negligible. The CBB pathway is also used in anoxygenic photosynthesis
and chemotrophy. The other five autotrophic carbon pathways are: the acetyl-CoA pathway found in
anaerobic and sulphate reducing bacteria, acetogenic bacteria and methanogenic bacteria (Ljungdahl &
Wood 1965); the Reductive Tricarboxylic Acid (TCA) pathway in green sulphur bacteria, some archaea
and proteobacteria (Evans et al. 1966); the 3-hydroxypropionate malyl-CoA (3HP/Mal-CoA) pathway
only found within the bacteria, Chloroflexus spp. (Holo 1989); the 3-hydroxypropionate/4-
hydroxybutyrate (3HP/4HP) in some Archaea (Berg et al. 2007) and the dicarboxylate/4-hydroxybutyrate

(DiC4HB) also found in Archaea (Huber et al. 2008).

The CBB pathway can be split into three stages; carboxylation, reduction and regeneration (Figure 1-
1). During carboxylation, CO, is fixed onto the substrate, Ribulose-1, 5 Bisphosphate (RuBP) to produce
two molecules of 3-phosphoglycerate (3-PGA). The carboxylation reaction is catalysed by the enzyme
Ribulose 1,5 Bisphosphate Carboxylase Oxygenase (Rubisco, EC 4.1.1.39) which will be discussed in
further detail later on in the Introduction. Next, 3-PGA is reduced to yield glyceraldehyde-3-phosphate
(G3P), which is further processed into triose phosphates and eventually sucrose and starch (Taiz &
Zeiger 2006). The reduction reaction requires oxidation of the reduced form of Nicotinamide Adenine
Dinucleotide Phosphate (NADPH) and Adenosine Triphosphate (ATP). Finally, RuBP is regenerated from

G3P, oxidising another ATP (Taiz & Zeiger 2006). CO, has a carbon oxidation number of +4 and is
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reduced to +3 in 3-PGA and further reduced to +1 in G3P (Taiz & Zeiger 2006). The reductive energy
provided by ATP and NADPH is generated by utilising light energy to oxidise H,O (in oxygenic
photosynthesis) (Bassham 1964, Bassham et al. 1954). Light is absorbed by antenna complexes of
chlorophylls, accessory pigments and proteins which then transfers light energy to the photochemical
reaction centres, photosystem | (PSI) and photosystem Il (PSIl) (Foyer & Noctor 2000, Taiz & Zeiger
2006). The reaction centres initiate a complex series of reactions that converts the light energy into
chemical bonds. This results in oxidation of H,O and phosphorylation of Adenosine Diphosphate (ADP)
and reduction of NADP* to produce ATP, NADPH and the release O,. Anoxygenic photosynthesis
produces reductive power for the CBB cycle through one photochemical reaction centre to oxidise H,,
H.S or S instead of H,0 and therefore does not produce O, (Taiz & Zeiger 2006). It was the advent of
oxygenic photosynthesis that enabled the transformation of the Archaean world of high CO, and

negligible O, to the modern day of high O, and low CO,, capable of supporting complex life.

1.1.3 Burial of organic carbon reduced atmospheric CO; levels and oxygenated the

atmosphere

The production of O, from oxygenic photosynthesis was not enough alone to oxygenate the
atmosphere. For O, to build up in the atmosphere, organic carbon needs to be prevented from being
recycled back to the atmosphere through biological respiration or abiotic combustion. Therefore, to

oxygenate Earth’s atmosphere there needs to be a net burial of organic carbon.

Photosynthesis fixes CO, into organic matter at a rate of approximately 111 — 117 Pg C.yr*
(Behrenfeld et al. 2001) with roughly equal contributions from the terrestrial and marine biosphere

(Field et al. 1998). However, the standing stocks of the two biospheres are quite different. The
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terrestrial biosphere captures carbon into biomass and soils, which has a reservoir of about 1930 Pg
(850 Pg in biomass, 1080 Pg in soils) (Barker et al. 2003) and has a turnover rate of about two decades
(Raven et al. 2005). The marine biosphere has a significantly smaller standing biomass of only 1 Pg which
accounts for only 0.2 % of total biomass, and a much faster turnover, in the order of a week (Raven et al.

2005).

To understand photosynthesis and organic carbon burial in the oceans (the marine biological pump)
it is important to view it within the context of carbon exchange between the atmosphere and oceans.
Marine productivity fixes CO, and exports organic carbon from the surface ocean. This contributes to
driving the surface ocean to act as a sink of CO, from the atmosphere. The ocean can be split into three
carbon reservoirs: surface, intermediate and deep. The surface ocean has a carbon reservoir similar to
the atmosphere (600 Pg and 700 Pg, respectively, Raven et al. 2005). CO, is exchanged rapidly between
these reservoirs on the order of around 100 Pg C.yr™ (Takahashi et al. 2009). The intermediate, and in
particular, the deep ocean are much larger carbon reservoirs (7,000 Pg and 30,000 Pg, respectively) with
much longer residence times (100 yrs and 100 ka, respectively, Raven et al. 2005) (Figure 1-2), though
the ocean has a mixing time of ~1500 years. Photosynthesis occurs in the surface ocean and this
drawdown of CO, along with other factors such as temperature, salinity, alkalinity and source inputs
(e.g.the upwelling CO, rich deep waters and input of riverine freshwater) define the pCO, of the surface
water which ultimately influences atmospheric pCO, (Sigman & Boyle 2000). When surface ocean pCO,
is lower than the atmosphere it acts as a sink. Physical and biological processes in the modern ocean
results in it being a net carbon sink of 1.5 — 2.0 Pg C.yr™* (Takahashi et al. 2009). Any organic carbon that
is recycled back to CO, through respiration in the surface ocean is exchanged rapidly with the
atmosphere and therefore is not a sink of CO,. However some organic carbon is excreted as recalcitrant
dissolved organic carbon that is not easily degraded (Tranvik & Kokalj 1998). Some particulate organic

carbon is exported as aggregates or transported by zooplankton to the intermediate or deep ocean
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where it is removed from equilbrium with the atmosphere. If particulate carbon reaches the sediment it
is removed from the fast carbon cycle and enters into the slow carbon cycle (Figure 1-3). Export of
marine carbon from surface to the intermediate and deep ocean is significant, estimated at 4 — 20 Pg
C.yr* (Siegenthaler & Sarmiento 1993). This maintains surface ocean concentrations of carbon about 10
% less than the deep water (Siegenthaler & Sarmiento 1993) and is responsible for lowering atmospheric
pCO, by around 450 ppm. Over geological timescales marine photosynthesis and marine organic carbon

burial were instrumental in oxygenating our planet.

CARBOXYLATION
Ribulose-1,5-

bisphosphate
3-phosphoglcerate

ADP
REGENERATION
ATP
ATP
NADPH
Glyceraldehyde - 3
-phosphate REDUCTION
ADP
NADP

Triose phosphates

Sucrose, starch

Figure 1- 1: Simplifed Calvin Benson Bassham Cycle (adapted from Taiz & Zeiger 2006). Permission to reuse this figure was

granted by Sinauer.
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Figure 1- 2: Flux and reservoirs between ocean and atmosphere. Lines connecting reservoirs represent fluxes. Each reservoir

shows the size of the carbon reservoir and its residence time (adapted from Raven et al. 2005). Permission to reuse this

figure was granted by the Royal Society, London.
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1.1.4 The bulk of marine oxygenic photosynthesis is performed by phytoplankton

The majority of oxygenic photosynthesis in the ocean is performed by single celled organisms called
phytoplankton. Phytoplankton can be broadly separated by size into microplankton (e.g. diatoms),
nannoplankton (e.g. prymnesiophytes) and picoplankton (e.g. cyanobacteria) which contribute 32 %, 44
% and 24 % respectively to marine primary production (Uitz et al. 2010). Oxygenic photosynthesis first

arose in a cyanobacteria during the Archaean, though the exact timing is uncertain.

Life began on Earth possibly as early as 3.7 Ga (Schidlowski 1988) but free molecular oxygen did not
accumulate in significant quantities in the atmosphere until around 2.4 Ga (Canfield 2005). It has been
proposed from the signatures of carbon isotopes, that oxygenic photosynthesis may have been present
in these early forms of life (Rosing 1999). However, it has been shown that anoxygenic photosynthesis
could have produced similar isotopic signatures (Kopp et al. 2005, Zerkle et al. 2005). Oxygenic
photosynthesis is generally thought not to have evolved until 2.7 Ga, in a cyanobacteria, surmised from
fossil evidence (Buick 1992) combined with biomarker evidence (Brocks et al. 1999, Summons et al.
1999). However, recent reconsideration of biomarker evidence has questioned the validity of the 2.7 Ga

date leaving the oldest fossil record of cyanobacteria at 2.15 Ga (Rasmussen et al. 2008).

Oxygenic photosynthesis in eukaryotes arose through endosymbiosis of a cyanobacteria by a
heterotrophic eukaryote. The cyanobacteria was retained within the eukaryotic cell as a permanent
acquisition and eventually converted into the chloroplast (Martin 2007). This primary endosymbiosis
gave rise to three primary plastid lineages: green plastids (which includes the green algae and plants),
glaucophyta and red plastids. It is uncertain whether this was a single or multiple event(s) but most
evidence suggests a monophyletic origin (Bhattacharya & Medlin 1995, McFadden 2001, Palmer 2003).

However there are some arguments for multiple events (Howe et al. 2008, Larkum et al. 2007).
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Molecular studies that do support a monophyletic origin, date the primary endosymbiotic event to have

occurred around 1.5 Ga (Yoon et al. 2004).

Endosymbiosis by eukaryotes did not end there. Secondary endosymbiosis occurred at least three
times (Bhattacharya et al. 2004). Two events involved secondary endosymbiosis of a eukaryote with a
green plastid; which gave rise to the Euglenozoa (Gibbs 1978) and the Chlorarachiniophytes (Gilson &
McFadden 1996, McFadden et al. 1994). There was at least one secondary endosymbiotic event of a red
alga which produced five algal lineages, some of which have evolved to become the dominant
eukaryotic phytoplankton in the modern ocean: diatoms, coccolithophores and dinoflagellates
(Falkowski et al. 2004). Three of these lineages: Haptophyta (which include the coccolithophores),
Stramenopiles (which include diatoms and brown macroalgae) and Cryptophytes, can be grouped
together as Chromista. Most evidence suggests a single origin of the Chromista (Li et al. 2006, Yoon et al.
2002), which has been dated around 1.3 Ga (Yoon et al. 2004). It is possible, though less parsimonious,
that the Chromista arose from multiple independent and almost simultaneous, secondary
endosymbiotic events in different host cells (Hackett et al. 2007). All Chromists have four plastid
membranes; the innermost two membranes are from the primary plastid, the third membrane is from
the red algal eukaryote and the fourth membrane is the phagosomal membrane of the host cell (Hackett

et al. 2007).

The other two lineages with a chloroplast derived from secondary endosymbiosis of a red plastid are
members of the Alveolata, which include dinoflagellates and other non-photosynthetic members such as
aplastidial ciliates and the parasitic apicomplexans (Hackett et al. 2007). Phylogenetic analysis suggests
that the common ancestor of the Alveolates had a chloroplast that was subsequently lost in various
lineages (Baldauf et al. 2000). The Alveolates and Chromista have been linked as a monophyletic group

termed “Chromalveolata” (Cavalier-Smith 1999) due molecular evidence and their unique possession of
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chlorphyll ¢, pigments (Baldauf et al. 2000, Van de Peer & De Wachter 1997, Yoon et al. 2004). However
some other molecular studies dispute a monophyletic origin of this group (see Keeling 2009).
Futhermore, tertiary endosymbiosis has occurred in some non-peridinin containing dinoflagellates
(Schnepf and Elbrachter, 1999). These plastids come from multiple donors including haptophytes,
diatoms and prasinophytes and makes deciphering the evolutionary history of photosynthesis in

dinoflagellates difficult (Hackett et al. 2004).

Recent evidence suggests this simplified story of phytoplankton chloroplast evolution does not give
full credit to its complicated past. Along with some dinoflagellates, some diatoms have 40 % of their
chloroplast genes deriving from a green algal ancestor, suggesting that multiple endosymbiotic events

(or extensive horizontal gene transfer) have occurred (Delwiche & Palmer 1996).

1.1.5 Tight coupling between phytoplankon evolution and atmospheric composition over the

past 2.4 Ga

The rise and radiation of phytoplankton is tightly linked to the environment. The advent of oxygenic
photosynthesis in a cyanobacterium led to oxygenation of the atmosphere and surface ocean. This
shifted nutrient regimes, favouring a succession of different phytoplankton groups. In turn, this
geological succession of phytoplankton feeds back to atmospheric composition as different
phytoplankton have different photosynthetic efficiencies, nutrients requirements and carbon export
efficiencies (Falkowski et al. 2004, Richardson and Jackson, 2007). The rise and fall of these different
phytoplankton taxa (and other oxygenic photoautotrophs) influenced the history of atmospheric

composition over the past 2.4 Ga.
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Prior to the advent of oxygenic photosynthesis, O, was virtually absent from the atmosphere,
possibly less than 10 Present Atmospheric Levels (PAL) (Anbar et al. 2007, Holland 2006, Pavlov &
Kasting 2002). Atmospheric CO, was high, Achaean estimates of pCO, range from 80 — 1000 PAL (Hessler
et al. 2004, Kasting 1993), though there are estimates as low as 3 — 6 PAL (Rosing et al. 2010). The
advent of oxygenic photosynthesis triggered a long term decline of CO, and rise of O, that transformed
Earth’s atmosphere into one capable of supporting complex life. Oxygenic photosynthesis evolved in a
cyanobacterium about 2.7 Ga and started pumping O, into the atmosphere. However, significant
concentrations of O, did not accumulate in the atmosphere until around 2.4 Ga, termed the Great
Oxidation Event (Canfield 2005). The lag between the origin of oxygenic photosynthesis and the buildup
of atmospheric O, is still controversial. It is speculated that the sudden increase of atmospheric O, was
not due to an increased rate of organic carbon burial but due to the flux of reduced gases in the

atmosphere falling below the rate of O, produced by photosynthesis (Catling et al. 2001, Kasting 2001).

While CO, levels continued to decline throughout the Proterozoic (Sheldon, 2006, Kasting, 1993), O,
levels rose mildly only until 1.85 Ga (Canfield 2005). This gentle rise in O, oxygenated the surface waters
but kept the deep ocean anoxic (Beukes et al. 2002, Canfield 2005, Holland 2006, Pavlov & Kasting 2002,
Rye & Holland 1998, Yang & Holland 2003). Between 1.8 and 0.8 Ga O, levels remained fairly constant,
termed the “Boring Billion” (Canfield 2005), though constraining atmospheric O, levels during this
period is difficult as the majority of estimates are derived from proxies from the marine environment
and there are uncertainties of the oxygenation of the deep ocean (Arnold et al. 2004, Rye & Holland
1998). From a biological perspective this period is certainly not boring due to the appearance of the first
eukaryotic photoautotrophs; at 1.5 Ga for primary endosymbiosis and 1.3 for the chromist secondary
endosymbionts (Yoon et al. 2004). Even though eukaryotic photoautotrophs were present, they did not
compete for dominance against the cyanobacteria (Knoll et al. 2007). It is likely that euxinic conditions

beneath the oxygen minimum zone (Brocks et al. 2005) would have limited nitrogen availability (Anbar
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& Knoll 2002, Fennel et al. 2005). Nitrogen limitation would have less of an effect on cyanobacteria as
some have the ability to fix nitrogen (Berman-Frank et al. 2003). Anoxygenic photosynthesis has also
been proposed to contribute significantly to overall primary production during this period which would
have influenced the redox chemistry of the ocean and maintained low O, levels during the Proterozoic

(Johnston et al. 2009)

It was not until about 0.7 Ga that the Second Great Oxidation Event occurred, elevating O, near
current day levels (Canfield 2005). This second increase in O,, finally alleviated euxinic conditions in the
ocean resulting in an increased nutrient supply to the surface ocean and allowing eukaryotes to increase
in abundance (Knoll 2007). Green algae began to rise in dominance but still did not displace
cyanobacteria as the dominant photoautotrophs (Knoll et al. 2007). Organic carbon burial also peaked

during this time (Derry et al. 1992, Halverson et al. 2007, Walter et al. 2000).

Phanerozoic O, appears to be fairly level (around 70-100% PAL) with a peak during the
Carboniferous at 35 % (167% PAL) (Bergman et al. 2004, Berner 2006, Chaloner 1989, Glasspool & Scott
2010) while CO, continued to show a general decline (Berner & Kothavala 2001, Berner 2008, Breecker
et al. 2010, Royer et al. 2007). The peak in atmospheric O, and drop in CO, during the Carboniferous has
been attributed to the evolution of vascular plants on land (Berner & Canfield 1989) and enhanced
burial of recalcitrant organic matter in swamps (Robinson 1989). In the oceans, cyanobacteria and green
algae contributed to the bulk of marine productivity until the mass extinction event at the end of the
Permian, which eliminated about 90 % of marine species (Stanley & Yang 1994). This marked the
transition from a cyanobacteria and green algal dominated world to one dominated by the red plastid
containing algae (Falkowski et al. 2004). Green algae began a long term decline, though prasinophytes
are still well represented in the modern ocean, especially at the deep chlorophyll maxima (Falkowski et

al. 2004). Likewise, cyanobacteria still play an important role in subtropical gyres. However, from the
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Mesozoic onwards, it was eukaryotic algae with a red chloroplast (diatoms, coccolithophores and
dinoflagellates) that rose to dominance. Dinoflagellates and coccolithophores first appeared in the
Triassic (Payne & Van de Schootbrugge 2007). Calcification of coccolithophores during the late Triassic
marked their beginning of dominance in the Mesozoic ocean as exporters of carbonate until the mid-
Jurassic (Bown et al. 2004). The late Triassic is also when dinoflagellates started forming calcareous cysts
(Payne & Van de Schootbrugge 2007). Both of these would have shifted carbonate and organic carbon

export in the ocean.

In the modern ocean, diatoms are the dominate eukaryotic algae and are responsible for about
a 32 % of marine primary productivity (Uitz et al. 2010) and more than half of the organic carbon export
from the surface ocean (Dugdale and Wilkenson, 1998). There are reported fossils of diatoms from the
Jurassic, though their validity has been questioned (Sims et al. 2006). It was not until around 115 Ma and
110 Ma that abundant diatom fossils first appeared (Kooistra et al. 2007). The rise and diversification of
coccolithophores and dinoflagellates was disrupted by the Cretaceous/Tertiary extinction event but
diatoms were affected to a much lesser extent (Kooistra et al. 2007). The Cretaceous/Tertiary extinction
event eliminated about 80 % of marine species (Newell 1963). Following this event, phytoplankton
communities recovered and today’s composition exist around 32 % microplankton (e.g. diatoms,
dinoflagellates and large coccolithophores), 44 % nannoplankton (e.g. prymnesiophytes) and 32 %

picoplankon (e.g. cyanobacteria) (Uitz et al. 2010).

There are several reasons for the shift in dominance from green to red algal groups. It has been
hypothesised that a change in redox chemistry of the ocean and the distribution of the red and green
algae instrumented their rise to dominance (Falkowski et al. 2004). Periods of anoxia or even euxinia
extending from the end-Permian mass extinction into the beginning of the Mesozoic could have

produced nutrient limiting conditions. Additionally, there were increases in sea level and resulting

Chapter 1: Introduction Page 12



Jodi Young Thesis 2011

flooding of the continental shelf (Falkowski et al. 2004). These conditions may have favoured the then
coastal dwelling red algae over the more open ocean green algae (Falkowski et al. 2004). Phytoplankton
with red plastids prefer nitrate over ammonium, unlike green algae and cyanobacteria (Knoll et al.
2007). Green plastid phytoplankton also have a larger content of Fe, Zn and Cu compared to red plastid
phytoplankton that have a higher content of Mn, Co and Cd (Quigg et al. 2003).

The coupling of phytoplankton composition and productivity with the environment has defined the
evolution of Earth’s climate over the past 2.4 Ga. Reconstruction of ancient atmospheric composition
beyond the 800 ka record of ice cores is poorly constrained by indirect and uncertain proxies.
Deciphering the signal of biological adaptation over geological history may provide additional
constraints for these reconstructions. Phytoplankton continue to play an important role in the modern
day however the modern day environment presents new photosynthetic challenges that need to be

overcome.

1.2 Adaptation of phytoplankton to a low CO: world

1.2.1 High O: and low CO; exerts a negative impact on oxygenic photosynthesis

Oxygenation of the atmosphere and surface ocean influenced nutrient regimes which impacted
the geological succession on algae. However, the rise of O, and fall of CO, also had a direct influence on
the ability of phytoplankton to photosynthesise. The initial step of the CBB reaction (carboxylation),
where CO, is fixed onto (RuBP), is catalysed by the enzyme, Ribulose 1,5 Bisphosphate Carboxylase
Oxygenase (Rubisco, EC 4.1.1.39). The carboxylation reaction is the rate limiting step of the whole

photosynthetic process due to Rubisco’s slow turnover rate and non-specificity for CO, as a substrate.
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Rubisco is able to use both the non-polar, structurally similar substrates of CO, and O,. This results in
Rubisco catalysing competing reactions of the desired CO, fixing carboxylase reaction and the energy
wasting, O, fixing oxygenase reaction (photorespiration). The ability for Rubisco to discrimate between
CO, and 0O, is known as its specificity factor (Q) and is dependent on the CO, and O, concentrations at

the site of Rubisco, and the enzyme’s catalytic properties (Equation 1-1, Laing et al. 1974):

Q= VcKo/Vch * [COZ]/[OZ] [1-1]

where V. and V, are the maximal velocities of the carboxylase and oxygenase reactions
respectively, K. and K, are the half saturation coefficients respectively and [CO,] and [O,] are

concentrations of CO, and O, at the site of Rubisco respectively.

Unlike carboxylation which produces two molecules of 3-PGA, photorespiration produces only
one molecule of 3-PGA along with one molecule of 2-phosphoglycolate (2-PG). 2-PG is toxic and inhibits
triosephosphate isomerase, an enzyme in the CBB pathway, and therefore is rapidly metabolized (Husic
et al. 1987). In terrestrial plants, conversion of 2-PG to G3P requires at least 10 different enzymes
(Bauwe & Kolukisaoglu 2003, Ogren 1984). Additional to the energy requirements for the 2-PG
metabolizing pathway, one CO, molecule is released for every two O, molecules photorespired, and in

terrestrial plants, this could account to about 25 % of the net rate of CO, assimilation (Sharkey 1988).

1.2.2. The origin and diversification of Rubisco

The ability for Rubisco to use both CO, and O, as a substrate may stem from its ancient origin.
Rubisco evolved prior to oxygenic photosynthesis, and hence, prior to atmospheric oxygen (Tabita et al.

2008). Besides oxygenic photosynthesis, Rubisco is found in other CBB autotrophic carbon assimilation
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pathways and methionine salvage pathways (Tabita et al. 2008). Despite the different pathways, all
Rubiscos contain at least the minimal unit, a dimer of two large subunits. Different forms of Rubisco
build upon this basic unit. Form | Rubisco, which carries out the bulk of oxygenic photosynthesis is
comprised of eight large and eight small subunits, found in most algae and all higher plants (Baker et al.
1975). The exception is peridinin containing dinoflagellates which perform oxygenic photosynthesis with
Form 1l Rubisco, a dimer of large subunits. Form Il Rubisco is also found in some non-oxygenic
photosynthetic proteobacteria (Morse et al. 1995). Other non-oxygenic forms include Form Ill, decamer
of five large subunit dimers and is found in Archaea (Finn & Tabita 2003). Finally some bacteria (Bacilli
and Proteobacteria) possess a Form IV Rubisco (also known as Rubisco-Like Protein, RLP) that is used for
methionine salvage and is unable to catalyse CO, assimilation (Tabita et al. 2008, see the Introduction of

Chapter 3 for more information of the different Forms of Rubisco).

It is thought that all Forms of Rubisco arose from a Form IIl within an Archaean methanogen (Tabita
2008). This ancestral form gave rise to all other forms through a complicated history involving a number
of horizontal and vertical gene transfers (Tabita 2008, Figure 1-4). While Form Ill remained in the
Archaea, the precursor to Forms |, Il and IV developed through horizontal gene transfer into a bacterial
ancestor. The ancestral bacteria gave rise to (through vertical transfer) Form IV in Bacilli; Forms |, Il and
IV within a Proteobacteria ancestor; and Form | in cyanobacteria. Evolution within Proteobacteria
further diversified Form | into IA, IC and ID, and within cyanobacteria Form | evolved into Form IB or

obtained Form IA through horizontal transfer from Proteobacteria (Tabita 2008).

Rubisco found its way into eukaryotes through the endosymbiosis of a cyanobacterium. Eukaryotes
with a green plastid, along with the Glaucophytes, possess Form IB Rubisco thought to have arisen
through endosymbiosis of a Form IB containing cyanobacteria (Tabita 2008). Eukaryotes with a red

plastid have Form ID that was originally derived from a y-proteobacterium (Tabita et al. 2008). Some
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Figure 1-4: Evolutionary history of Rubisco. Solid black arrows show vertical transfer, blue wavy line indicates horizontal
transfer and dotted line indicates endosymbiosis. Green and red text denote green and red chloroplasts, respectively
(adapted from Tabita et al. 2008). Photo, Non-Photo, Deep YkrW are all subgroups of the Form IV lineage. Permission to

reprint this figure has been granted by Oxford University Press.
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dinoflagellates have Form Il Rubisco thought to have been obtained from horizontal gene transfer from

a proteobacterium (Figure 1-4)

1.2.3 Strategies to overcome Rubisco limitations

Despite Rubisco’s inefficiency in a high O, world, oxygenic photosynthesis remains the dominant
form of autotrophic carbon fixation. The high conservation of the Rubisco catalytic site amongst the
forms used for autotrophic carbon fixation and the absence of any other enzyme to take its place
demonstrates it is an essential component for oxygenic photosynthesis. Therefore, oxygenic
photoautotrophs need to develop strategies to overcome the challenges of Rubisco in a high O,, low CO,
world. Such strategies may include increasing the amount of Rubisco; increasing the efficiency of
Rubisco to fix CO, and/or manipulation of the environment around Rubisco to create conditions optimal

for carbon fixation.

1.2.4 Increasing the amount of Rubisco

An increase in the amount of Rubisco protein will not increase its efficiency, but could provide
enough enzyme to catalyse sufficient carboxylation reactions. From the perspective of energy input, this
strategy is problematic. Rubisco is a large enzyme (~560 kDa) with a large nitrogen demand. In C; plants,
20-30% of total leaf nitrogen is sequestered in Rubisco (Evans and Seemann, 1989). Therefore,
increasing the amount of Rubisco protein will result in increased in nitrogen demands. There will also be

increased energy demands for Rubisco protein synthesis and, as increased Rubisco will also lead to
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increased photorespiration, for salvaging the products of photorespiration. While there is no way of
determining whether Rubisco content within a cell has increased over geological history in response to
falling CO,, modern day experiments in higher plants show Rubisco content is not regulated by changes

of ambient CO, levels (Campbell et al. 1988).

1.2.5 Increasing the efficiency of Rubisco

An alternative to increasing the amount of Rubisco is to increase the efficiency of Rubisco through
reducing photorespiration. This can be achieved by increasing affinity of Rubisco for CO, and
simultaneously lowering its affinity for O,. However, there is a limit to the extent that Rubisco CO,
affinity can be increased. This is due to a trade-off between affinity for CO, (K.) and maximal carboxylase
reaction rate (V). Higher CO, affinity is achieved by creating a transition state that more closely
resembles the carboxylate group of the product. This transition state requires tighter binding to Rubisco
to stabilise and more energy is required to push the reaction to completion, consequenctly slowing
down the reaction rate (Tcherkez et al. 2006). The trade-off between K. and V. has lead to suggestions
that despite being conserved and sluggish, Rubisco is optimised to its physical environment (Tcherkez et

al. 2006, see Chapter 3 Introduction for a more detailed explanation of Rubisco catalytic properties).

Because of the constraints on increasing Rubisco affinity for CO,, the different forms of Rubisco do
display distinct catalytic properties (Figure 1-5, Whitney et al. 2011). These properties may be optimised
for the pathway and environment that a particular form of Rubisco is used for. However, even within
Forms IA, IB, ID and Il which are all used for oxygenic photosynthesis, there are a wide range of catalytic
properties (V, K, Vo, Ko). It has been suggested that this wide range of catalytic properties hints at an

evolutionary history of adaptations to low CO, (Badger & Andrews 1987, Badger et al. 1998, Badger et
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al. 2002). This idea was further strengthened by observations that more recently evolved photosynthetic
groups have higher Q, correlating to decreasing CO, levels (Tortell 2000, Figure 1-6). For example,
cyanobacteria have much lower affinity for CO, (high K.) than eukaryotic algae and plants (Badger et al,
1998). The high CO, and low O, environment during the emergence of oxygenic photosynthesis in
cyanobacteria would exert little pressure for a Rubisco with a high affinity for CO,. As we trace the
evolution of the different lineages of photoautotrophs, we generally see their Rubisco Q increase with a
correlation to increasing ratio of O, to CO,.

There are problems with this theory. First of all, it assumes that modern day algae possess Rubisco
with similar catalytic properties as their ancestors. Secondly, it cannot explain why cyanobacteria, who
have such a low affinity for CO,, are still responsible for half the net primary production in the ocean.
Thirdly, increasing the affinity CO, can only be pushed so far due to the trade-off between affinity and
reaction rate. This highlights an additional problem for phytoplankton: photosynthesis in the modern

ocean is hampered by the low availability of CO, concentrations.
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Figure 1-5: Catalytic properties of different forms of Rubisco (A) Maximum carboxylase velocity (V.) (B) Affinity for CO, (K.)
and (C) CO,/0, Specificity (Q) (Taken from Whitney 2011). Permission to reproduce this figure has been granted by American
Society of Plant Biologists.

Chapter 1: Introduction Page 19

T T T T
Forml Forml FormlIl Formlil



Jodi Young Thesis 2011

200
10,000 —
Meodelled [02]/[CO2] 180
1,000 - Age Rhodophyta | _
. Specficity Factor 160
100
140
I~ 10 — ")
120 ©
<) a
= =
3 17 G [ 100 Z
o Diatoms o
X _ n
% 0.1 Haptophyta }—{ 4 80 ©
= 0.01 Green Algae H 60
Cyanobacteria X
0.001 - —l 40
0.0001-4 Bacteria 20
0.00001 T T T T J|
5 4 3 2 1 o]
Time (Ga)

Figure 1-6: Specificity factors of algal groups plotted against their timing of emergence (Q taken from Badger et al. (1998),
Galmes et al. (2005), Garcia-Murria et al. (2008), Haslam et al. (2005), Read & Tabita (1994), Smith & Tabita (2004), Tcherkez
et al. (2006); dating references taken from Christin et al. (2008a), Kenrick & Crane (1997), Liu et al. (2010), Schidlowski
(1988), Sorhannus (2007), Yoon et al. (2004) and reconstructed CO,/0, levels (O, levels taken from Canfield (2005) and CO,
levels taken from Berner & Kothavala (2001) and Sheldon (2006) converted to ppmv and expressed as a ratio.) Algae
generally show trend of increasing specficities with decreasing CO,/0,, with exception of red algae. Colour of algal groups
denotes either a red or green chloroplast. Bacteria and Cyanobacteria predate the split of different chloroplasts.

Within the ocean, carbon exists as three forms of dissolved inorganic carbon; CO,, HCO; and CO5*

and reacts in seawater in the following manner [Equation 1-2].

CO, + H,O*> H,CO; > H'+HCO; ¥ 2H" +CO,” [1-2]

The equilibrium concentration of each carbon species in solution is determined by pH (Figure 1-
7). Seawater pH ranges around pH 8.2 + 0.3 which produces an equilibrium concentration of
approximately 91 % HCO5, 8 % CO;> and only 1 % CO, (Zeebe & Wolf-Gladrow 2001). Therefore, in the
surface ocean, the concentration of dissolved inorganic carbon (DIC) is high (~¥2 mM) but only a small

fraction exists as CO,(,q). Unlike terrestrial plants, which photosynthesise at atmospheric concentrations
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of CO, at today’s levels of around 390 ppm (Tans 2011), the concentrations of CO, available to
phytoplankton is much lower than that required by Rubisco. Rubisco in modern algae display a species-
specific Kc ranging between 20-90 pmol kg™ (Badger et al. 1998) which is signficantly higher than the
concentration of CO,yq in the surface water of around 10-30 umol.kg’l. A concentration of CO,
signficantly lower than the K, of modern phytoplankton suggests phytoplankton should be limited by
CO,. However, most studies demonstrate this is not the case (Clark & Flynn 2000, Riebesell et al. 1993,
Rost et al. 2003), though there are some exceptions (lglesias-Rodriguez et al. 2008, Levitan et al. 2007,
Montechiaro & Giordano 2010, Rost & Riebesell 2004). Therefore, phytoplankton must employ other

strategies to overcome CO, limitation in the modern ocean.
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Figure 1-7: Carbonate system in seawater (Bjerrum plot) assuming temperature of 15 °C, salinity of 35 % and a pressure of 1
atm. Shaded bar denotes normal range of pH in seawater (adapted from (Meyer 2010, Zeebe & Wolf-Gladrow 2001).

Permission to reproduce this figure has been granted by Elsevier.
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1.2.6 Manipulating CO; concentrations at the site of Rubisco

Phytoplankton have overcome CO, limitation in the surface ocean through physiological adaptations
to elevate intracellular CO, at the site of Rubisco. These physiological adaptations are termed carbon
concentrating mechanisms (CCMs) and are found in the majority of marine phytoplankton (Giordano et
al. 2005, Hopkinson et al. 2011, Reinfelder 2010). In particular, most phytoplankton have been shown to
use external HCO;™ as well as CO, which is in much greater abundance than CO, in the surface ocean
(Zeebe & Wolf-Gladrow 2001). The timing of CCM emergence, distribution (both globally and
taxonomically), regulation and their effectiveness to concentrate carbon are still poorly understood (for

review see Giordano et al. 2005, Hopkinson et al. 2011, Reinfelder 2010).

Cyanobacterial CCMs have been the most extensively studied of the phytoplankton. It is well known
they have a number of CCMs, including a carboxysome (for review see Badger & Price 2003). These
CCMs enable cyanobacteria to concentrate carbon up to 1000 fold compared to the external
environment (Badger & Price 2003), much higher than the intracellular pools suggested capable by
eukaryotic phytoplankton (Badger et al. 1998). It is possible that the low affinity of cyanobacterial
Rubisco for CO, compared to other algae is not a reflection of atmospheric conditions at the timing of
emergence, but instead adaptation to high intracellular CO, provided by CCMs. In terrestrial plants, the
presence of a CCM in the form of C, photosynthesis correlates with Rubisco enzymes with faster
carboxylase velocity (V.) at the expense of lower affinity to CO, (increased K. compared to their CCM
lacking, C; counterparts (Yeoh et al. 1980, Yeoh et al. 1981). This shift in kinetic parameters of Rubisco in

response to elevated intracellular CO, would give maximum efficiency of photosynthesis.

CCMs are also widespread in eukaryotic phytoplankton. The most studied are the green algae, in
particular the freshwater model species, Chlamydomonas reinhardtii (Yamano & Fukuzawa 2009). C.

reinhardtii is able to actively uptake inorganic carbon and elevate internal carbon concentrations
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(Giordano et al. 2005). Genetic analysis has also revealed a number of putative genes involved in CCM
pathways (Yamano et a. 2009). Little is known about CCMs in the red and chromist algae as they have
been less extensively studied. Within the red and chromist algae, the majority of work has been carried
out in the ecologically important diatoms and coccolithophores. Both these groups appear to have CCMs
(Reinfelder 2010) though the mechanism, efficiency and regulation of these CCMs are poorly
understood. The coccolithophore, Emiliania huxleyi, has been shown to utilise HCO; as well as CO, (Rost
et al. 2003, Trimborn et al. 2007) but whose growth appears limited by modern day CO, availability
(Iglesias-Rodriguez et al. 2008, Rost & Riebesell 2004). Diatoms are also able to use HCO; as well as CO,
(Rost et al. 2003) and it has even been controversially suggested that some possess a C, mechanism
(Raven 2010, Reinfelder et al. 2000, Reinfelder 2010, Roberts et al. 2007). Diatoms only show limitation
at CO, concentrations below present day (<10 UM CO,,q) (Riebesell et al. 1993, Rost et al. 2003).
Dinoflagellates are more complicated, with some possessing Form Il Rubisco which has the lowest Q
among eukaryotic algae (Badger et al. 1998, Whitney & Andrews 1998). Some dinoflagellates have been
shown to possess a CCM (Leggat et al. 2002, Rost et al. 2006), though there are studies suggest that
some dinoflagellate species are unable to use HCO; (Lapointe et al. 2008, Ratti et al. 2007), though this

does not necessarily mean they lack a CCM.

Not all algae possess a CCM suggesting that this is not the only strategy employed to combat low
CO,. While the majority of red and chromist algae appear to have CCMs, there are some freshwater and
marine intertidal red macroalgae that lack CCMs, along with some freshwater Chromist algae:
Chrysophyceae and Synurophyceae (Raven et al. 2005). Brown macroalgae (Phaeophyta) studied to date
do appear to concentrate carbon, but perhaps to lower levels than their diatom counterparts. Many
brown macroalgae are found in cold temperatures and it has been suggested the higher solubility of CO,

at low temperatures may be sufficient to supply CO, by diffusive entry (Raven et al. 2002).
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1.3 Deciphering past and future adaptations to low CO:

1.3.1 Past adaptations

Over geological timescales, phytoplankton can adapt at the genetic level to optimise productivity.
This could include adapting Rubisco as a direct response to falling ambient CO, or by the development of
CCMs. It is speculated that CCMs emerged during periods of low CO,, though the timing is uncertain (see
Raven et al. 2008 for review). There is speculation that there was pressure of limiting CO,
concentrations as far back as 2.4 Ga, early after the onset of oxygenic photosynthesis (Giordano et al.
2005). Low CO, during the Proterozoic glaciations and Snowball Earths at 2.4, 0.75 and 0.6 Ga have all
been nominated as the driver of CCM development (Giordano et al. 2005, Harland 2007, Raven et al.
2008). An even later, Carboniferous, timing for CCM emergence has been proposed (Badger et al. 2002,

Raven 1997).

Declining CO, would exert evolutionary pressure on Rubisco. However, the adaptive strategy of
Rubisco would differ between whether the evolutionary pressure was a direct response to declining CO,
or an indirect response due to the development of a CCM. If Rubisco responded directly to falling CO,, it
would be advantageous to increase its affinity for CO,. However, if CCMs developed in response to low
CO,, it would be advantageous for Rubisco to evolve towards reduced affinity with a resulting increase
in velocity. Either way, genetic adaptation of Rubisco is responding (directly or indirectly) to changing

environmental CO,.

1.3.2 Future responses

Over geological timescales there has been a general trend for phytoplankton to adapt to falling CO,

and rising O,. In terms of future responses, phytoplankton are faced with increasing CO,. Anthropogenic
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inputs are increasing atmospheric CO, at a rate faster than has been observed at any time due to natural
causes. Over the last 50 years, anthropogenic inputs have increased atmospheric CO, by around 75 ppm
(Tans 2011). The fastest natural change of similar magnitude occurred at the ends of recent ice ages
where CO, increased about 80 ppm over 6,000 yrs (IPCC 2000, Raven et al. 2005). The rise in
atmospheric CO, has been paralleled in the globally averaged, pCO, of the surface ocean (Takahashi et
al. 2009). Absorption of anthropogenic CO, has lead to an increase in the surface concentration of
dissolved CO, (CO,gq), through a combined increase of total dissolved inorganic carbon (DIC) and a

lowering of pH (0.35 units from start of industrial revolution to end of next century, Riebesell 2000).

Most phytoplankton in the modern ocean possess CCMs and are not limited by CO, availability. This
has raised questions to whether they will show a response to anthropogenic increases of CO, and the
accompanying environmental change (Behrenfeld et al. 2006, Boyce et al. 2010, Cox et al. 2000,
Riebesell et al. 2007). While genetic adaptations are considered over geological timescales, the
expression and regulation of CCMs are important over shorter, anthropogenic timescales. There has
been speculation on how CCMs expression will be regulated by increased CO, (Beardall & Raven 2004,
Raven et al. 2011). It has been proposed that downregulation of CCMs would be advantageous under
high CO, through reducing nutrient or light limitation (Raven & Johnston 1991, Beardall & Raven 2004)
or freeing up more energy for growth (Wu et al. 2010). There is evidence that phytoplankton are able to
regulate their CCMs (Giordano et al. 2005 and Reinfelder 2011), though there appears to be a number of
factors besides CO, that can influence expression (Beardall & Giordano 2002, Raven et al. 2011). The
distribution and regulation of CCMs throughout the global ocean is still poorly understood and a better

comprehension is needed to predict future responses.

While the short term response of phytoplankton to CO, would involve the regulation of CCM

expression, on longer timeframes, the retention of CCMs during periods of high CO, also comes into
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guestion. It is unknown at what CO, concentration that CCMs are no longer required. However it has
been argued even during periods of extremely high CO,, CCM retention would be favoured due to
microhabitats produced by thick diffusive boundary layers that would restrict diffusion of CO, (Raven et
al. 2008). Additionally, increased CO, would also result in increased temperature and hence thermal
stratification in the oceans. This would restrict phytoplankton to shallow, nutrient limited water above
the thermocline where nitrogen limitation and increased photosynthetically active radiation (PAR)

would encourage CCM retention (Raven et al. 2011).

Both adaptations (genetic and expression) result in a shift in the fixation of carbon by
phytoplankton, which could ultimately feedback to influence atmospheric concentrations. Exploring the
sensitivity of phytoplankton to CO, will help us understand the geological history of the Earth and help

us predict how anthropogenic change will affect the marine biological sink in the future.

1.4 Aims and objectives

This thesis investigates adaptations of phytoplankton to external CO, concentrations. We largely
consider these adaptations as being directly influenced by concentrations of CO, but realise atmospheric
concentrations of CO, also drive a number of environmental factors e.g. thermal stratification of surface
waters influencing nutrient supply, that will also impact phytoplankton. Therefore, while we link
adaptation of carbon acquisition by phytoplankton to external CO, concentrations we acknowledge this
could be due to direct or indirect responses. In Chapter 4 where we are unable to account for these
additional climate change factors we discuss how we would expect these changes to influence
phytoplankton carbon acquisition. This thesis investigates a long term, and a short term, response in

phytoplankton to changing CO, concentrations.
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The first research chapter (Chapter 2) explores how Rubisco has adapted in line with shifting
atmospheric CO,/0, composition over geological timescales. From timing genetic adaptation in the
genes that encode Rubisco we can determine whether levels of atmospheric levels of CO,/0, do exert
evolutionary pressure on Rubisco. The timing of adaptation events in Rubisco may even present a way of

reconstructing ancient atmospheric composition and pinpointing the emergence of CCMs.

The aims for Chapter 2 are:

1. Define positive selection within the genes that encode the large and small subunit of Rubisco (rbcL

and rbcS, respectively) in algae, with a focus on the red and chromist lineage.

2. Determine whether external concentrations of CO, and O, ultimately drive adaptation (either
directly or indirectly) by mapping the timing of positive selection over geological timescales against a

backdrop of atmospheric CO, and O,.

We develop this research further in Chapter 3, where we investigate how genetic adaptation of
Rubisco translates to a change in protein function. We speculate how these amino acid changes could
confer an adaptive advantage. As there are few measurements of catalytic properties in Rubisco,
particularly in marine eukaryotic algae, we expanded the current knowledge by measuring the half
saturation coefficients for CO, (K. of Rubisco in the ecologically important Haptophyta (including

coccolithophores).

The aims for Chapter 3 are:

1. To understand how positive selection in rbcL and rbcS influence Rubisco protein structure and

kinetics, and to infer how these changes would confer an advantage to the organism.

2. Increase the number of measurements of K. within the Haptophyte algae.
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Finally, in Chapter 4, we address the short term response to changing CO, by modelling how carbon
acquisition by phytoplankton is responding to anthropogenic inputs of CO, over the past 50 years. We
do this by modelling the stable isotopic fractionation of carbon into organic matter (ep) which is
sensitive to HCO; use (Sharkey & Berry 1985). We exploit this sensitivity to determine spatial and
temporal variation of HCO; utilisation at a global scale by applying the model to a newly compiled, large
dataset of ep across the global surface ocean, spanning the 1960s to today. Not only does modelling
address the modern response of phytoplankton to anthropogenic CO,, but can validate the use of €p as

a paleo-CO, proxy (Freeman & Hayes 1992, Hayes et al. 1999, Popp et al. 1989, Rau et al. 1989).

The aims for Chapter 4 are:

1. To create a model of phytoplankton carbon acquisition that can be applied to a global ocean,

validated against a large, newly compiled dataset of €p.

2. Apply this model to temporal changes in CO,4q in the surface ocean to infer how phytoplankton

carbon acquisition may respond to increasing anthropogenic CO.,.

Ultimately, the research within this thesis aims to provide insight into how phytoplankton adapt to
changing concentrations of CO,. These insights can be used to understand the evolution of both
atmospheric composition and algae over geological timescales and help us predict future responses of

phytoplankton carbon acquisition to anthropogenic CO.,.
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Chapter 2: Positive Selection Of Rubisco In Algae

2.1 Context and Contributions

Philosophical Transactions of the Royal Society B (corrected proof), as part of the proceedings of a
Discussion meeting at the Royal Society, London, held in 2010, guest edited by David Beerling. The
majority of this research was carried out, analysed and written by myself. Work carried out by other
authors on the manuscript are as follows: R. E. M. R. conceived the project, M. V. K. instructed on the

use of PAML, D.A.F. dated the nodes in Figures 2-2, 2-3 and 2-4.
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2.2 Abstract

Rubisco, the most abundant enzyme on Earth and responsible for all oxygenic photosynthetic
carbon fixation, is often thought of as a highly conserved and sluggish (Tcherkez et al. 2006). Yet
different algal Rubiscos demonstrate a range of kinetic properties hinting at a history of evolution and
adaptation. Here we show that algal Rubisco has indeed evolved adaptively during ancient and
distinct geological periods. Using DNA sequences of extant marine algae of the red and chromist
lineage, we define positive selection within the large subunit of Rubisco, encoded by rbcL, to occur
basal to the radiation of modern marine groups. This signal of positive selection appears to be
responding to changing intracellular CO, triggered by physiological adaptations to declining
atmospheric CO,. Within the ecologically important Haptophyta (including coccolithophores) and
Bacillariophyta (diatoms), positive selection occurred consistently during periods of falling
Phanerozoic CO, and suggests emergence of carbon concentrating mechanisms (CCMs). During the
Proterozoic, a strong signal of positive selection after secondary endosymbiosis occurs at the origin of
the Chromista lineage (~1.1 Ga), with further positive selection events until 0.41 Ga, implying a
significant and continuous decrease in atmospheric CO, encompassing the Cryogenian Snowball Earth
events. We surmise positive selection in Rubisco has been caused by declines in atmospheric CO, and

hence acts as a proxy for ancient atmospheric CO,.
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2.3 Introduction

2.3.1 Biological adaptation and atmospheric CO; and O;

The living ecosystem and CO, and O, levels in the atmosphere are inexorably linked though tight
feedback mechanisms. The advent of oxygenic photosynthesis around 2.4 Ga increased atmospheric and
surface ocean O, levels and reduced atmospheric CO,. However, O, levels remained low for the next
billion years despite declining CO, (Canfield 2005), partly attributed to anoxygenic photosynthesis
preventing oxygenation of the deep ocean (Johnston et al. 2009). Anoxygenic photosynthesis, occuring
in the oxygen minimum zone (OMZ) below a shallow layer of oxygenated surface water would have
produced organic matter (OM) without the production of oxygen. They also would have consumed
upwelled bioavailable nitrogen, resulting in nitrogen limitation for oxygenic photoautotrophs at the
surface. This combination would result in a production of OM exceeding O, production. As O, is the
preferred reductant for respiration, followed by S0,%, the inbalance between OM and O, production

would have helped maintain the deep ocean as anoxic (Johnston et al. 2009).

It was not until the Neoproterozoic that the ocean became fully oxygenated and oxygenic
photosynthesis became dominant, hypothesised to contribute to the second rise of O, which paved the

way for evolution of complex multicellular life (Canfield 2005, see Chapter 1, 1.1.6).

Biological innovations certainly exert an influence on the atmosphere, but atmospheric composition
also drives biological adaptations. These signals of biological adaptation can be mined to reconstruct
ancient environments and to understand driving forces behind evolution. Ancestral reconstructions of
the temperature sensitive protein, Elongation factor thermo-unstable (EF-Tu), found in Archaea and

Eukaryotes have been used as an Archaean temperature proxy (Gaucher et al. 2003, Gaucher et al.

Chapter 2: Postive selection in rbcL Page 31



Jodi Young Thesis 2011

2008). Phylogenetic analysis of this gene enabled reconstruction of ancestral, Archean Ef-Tu which
displayed thermal stabilities that suggest Archaean temperatures were around 55-65 °C (Gaucher et al.
2003) and cooled progressively by 30 °C between 3.5 - 0.5 Ga (Gaucher et al. 2008). A signal of the rise
of atmospheric O, has also been captured the within transmembrane proteins in eukaryotes (Acquisti et
al. 2007). Increasing levels of O, relaxed pressure on transmembrane proteins in ancient taxa to exclude
oxygen. This lead to an increased size and number of communication related transmembrane proteins
(Acquisti et al. 2007). The geological history of CO, could therefore be harboured within biological

adaptation of CO, sensitive genes.

2.3.2 The evolutionary history of Rubisco can be traced against the backdrop of atmospheric
CO;

As outlined in the Introduction (Chapter 1, 1.2.1), the rate limiting step of photosynthesis, CO,
fixation, is catalysed by the enzyme Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase (Rubisco, EC
4.1.1.39). However, during oxygenic photosynthesis, Rubisco can catalyze two competitive reactions:
CO, fixation for photosynthesis (carboxylation) and energy wasting photorespiration using O,
(oxygenation). The efficiency of this enzyme is influenced by CO, and O, levels at the site of fixation
(Laing et al. 1974). Thermodynamic constraints dictate a trade-off between carboxylation velocity and
affinity for CO, which has lead to suggestions that despite being conserved and sluggish, Rubisco is
optimised to its physical environment within the constraints imposed by the reaction mechanism
(Tcherkez et al. 2006). The variation in Rubisco catalytic properties found within photosynthetic
eukaryotes hint that it has undergone adaptations to low CO, (Badger & Andrews 1987, Badger et al.
1998, Badger et al. 2002, Tortell 2000, see Chapter 1, Figure 1-6) but little is known about the detailed

timing of evolution of Rubisco and its relationship to environmental change.
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This chapter aims to define the history of adaptation of Rubisco in red and chromist algae. Our study
focused on these oxygenic photosynthesising algae because they all possess a red chloroplast containing
the same Form ID Rubisco (Spreitzer & Salvucci 2002). Their chloroplast evolutionary history stemmed
from a primary endosymbiotic event which resulted in the red algae (Rhodophyta, including the
Cyanidiales), and subsequent secondary endosymbiosis to form the Chromalveolata (Cavalier-Smith
1999). Chromalveolata includes the Chromista (Haptophyta, Stramenopiles and Cryptophyta) (Cavalier-
Smith 1981) and the Alveolata. However, as there is debate on the plastid monophyly of the
Chromalveolata (for review see Keeling 2009) we focused only on the Chromista which have a well
supported single secondary endosymbiotic origin of their plastids (Yoon et al. 2002). Furthermore, many
representatives of Chromista, such as Bacillariophyta (diatoms) and some Haptophyta
(coccolithophores) dominate the modern ocean and display an extensive fossil history (Medlin et al.
2008, Sims et al. 2006), making it possible to date the periods of adaptive evolution in Rubisco using a

well calibrated molecular clock.

Form | Rubisco, found within all oxygenic photoautotrophs (with the exception of some
dinoflagellates) is made up of eight large and eight small subunits. A dimer of large subunits form the
active site and the large subunit is coded by the chloroplast gene, rbcL. Using molecular phylogenetics
and applying a molecular clock, we can reconstruct the evolutionary history of rbcL over geological
timescales. This is used as a template on which we identified positive selection in rbcL by applying
Phylogenetic Analysis of Maximum Likelihood (PAML) (Yang 2007). PAML identifies positive selection by
comparing the substitution rates of mutations that do and do not affect protein sequence (dy and d,
respectively) along a phylogeny. The former (dy) is likely to affect the survival of the organism, while the
latter (ds) is neutral (Yang 1997) or nearly neutral; so dy/ds>1, dy/ds=1 and d\/ds<1 indicate positive,
neutral and purifying selection, respectively. Bayesian tree reconstruction and dating was conducted
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using a number of fossil calibrations allowing the timing of adaptive events to be constrained between

nodes providing an evolutionary history to around 1.5 Ga.

2.3.3 Reconstructing chloroplast evolutionary history using phylogenetics

Using extant DNA sequences of the gene that encodes of the large subunit of Rubisco (rbclL), in
marine algae it is possible to reconstruct Rubisco’s evolutionary history. DNA and protein sequences
evolve at a rate that is relatively constant over time and among different organisms (Ho 2008).
Therefore genetic differences between species is proportional to the time since the species last shared a
common ancestor (Ho 2008). An evolutionary tree of a group of species from a common ancestor can be
established from reconstructing the genetic mutations that have occurred. There are a number of
approaches to infer the most likely evolutionary history, each with their own advantages and pitfalls (for

reviews see Holder & Lewis 2003, Kelchner & Thomas 2007, Saito & Imanishi 1987).

Distance based methods, such as Neighbour-Joining (NJ) (Saitou & Nei 1987) and Minimum
Evolution (ME) are quick to calculate and perform well when the divergence between sequences is low
(like rbcL). These create a distance matrix which represents an estimate of the evolutionary distances
between sequences (i.e. the number of mutations that occur along a sequence evolution). It is unable to
take into account probabilities of different types of mutations or if multiple mutations occur at one site
(Holder & Lewis 2003). While these are good for rough estimates, probability based trees give a more
robust picture. Parsimony and Maximum Likelihood (ML) are probability based approaches and map a
history of gene sequences onto a tree and assess the most plausible tree phylogeny. Parsimony scores a
tree based on the minimum number of mutations that could possibly produce the tree. The tree

selected as most parsiminous contains the minimum number of mutations that could possibly produce

Chapter 2: Postive selection in rbcL Page 34



Jodi Young Thesis 2011

the data (Holder & Lewis 2003). Parsimony does not take into account a number of scenarios where all
mutations are not equal. However it is effective for a large number of similar sequences which produce

short branches (Holder & Lewis 2003).

ML is best used for sequences with very ancient divergences (e.g. our sampling of rbcL sequences). A
tree is judged how well it predicts the observed data and is given a probability based on a model that
accounts for the probability of different events (e.g. transition versus transversion mutation). All
possible mutational pathways are considered and the tree that maximises the probability of observing
the data given a chosen model of evolution (Holder & Lewis 2003). The disadvantage of ML is the high

level of computational processing required making it very slow.

In all the trees listed above, confidence of branch positions is determined by bootstrapping.
Bootstrapping randomly re-samples the original data to produce a pseudo-replicate data set and then
runs the models again (generally bootstrap values over 70 % are fairly well supported, though this varies
dependent on the data) (Holder & Lewis 2003). Bootstrap values represent the likelihood of getting the

same result, not whether the result is correct (i.e. long branch attraction has high bootstrap response).

The newest, and the approach gaining the most popularity, is Bayesian inference (Huelsenbeck et al.
2001). Once again it is a probability based algorithm but defines the optimal tree as one that maximises
posterior probabilities using Markov Chain Monte Carlo (MCMC) (Holder and Lewis, 2003). Bayesian
infers phylogeny based on the highest posterior probability of a tree. Posterior probability is calculated
by combining the prior probability of a phylogeny with the likelihood of the tree (Huelsenbeck et al.
2001). Usually, prior probability is equal amongst trees (i.e. all trees are initially considered equally
probable) and the likelihood is calculated using MCMC (Huelsenbeck et al. 2001). MCMC works by
creating a new tree by stochastically altering the current tree. This new tree is either accepted or

rejected based on its probability (a description of calculating the probability is described in Metropolis et
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al. 1953 and Hastings 1970). If this process is run for sufficient generations, the proportion of time that

any tree is produced is inferred as the posterior probability of that tree (Tierney 1994).

This thesis used a number of tree building models to get an idea of the robustness of phylogenetic
estimates. While Bayesian inference was the method of choice for this research, other methods (NJ, ML)

were used for comparison.

2.3.4 Molecular clocks

The timing of divergence of different species can be established using a molecular clock. Techniques
include setting a constant mutation rate “clock” or allowing mutation rate to vary “relaxed”. Timing is
anchored (calibrated) against minimum estimates of emergence/divergence from fossil records
(Drummond et al. 2006, Drummond & Rambaut 2007). For a well supported molecular clock, there
needs to be phylogenetic tree of high support; accurate, plentiful and evenly distributed fossil
calibrations and the use of a mutation rate that realistically reflects the mutational changes in the
sequence (for review on accuracy of molecular clocks see Graur & Martin, 2004). Berney & Pawlowski
(2006) addressed some of these problems by using the Phanerozoic microfossil record of diatoms,
dinoflagellates and coccolithophores as calibration points to recalibrate eukaryotic evolution. This
continuous fossil record provided detailed information about the succession of different morphotypes in
different stratigraphic levels, reducing the chance of underestimating the time of first appearance. As
our study uses these groups (coccolithophores and diatoms) there is an excellent opportunity to

accurately calibrate our model.
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The gene that encodes the large subunit of Rubisco (rbcl) is an ideal gene for evolutionary
reconstruction over longer periods of geological history due to its high level of sequence conservation
(Curtis & Clegg 1984). The rate of accumulation of nucleotide change is very slow compared to plant and
animal nuclear encoded genes (Zurawski et al. 1984). This is not surprising due the essential function
and highly expressed nature of Rubisco. It has been shown that highly expressed proteins evolve slowly
(Drummond et al. 2005). Synonymous substitution rates of rbcL in terrestrial plants has been estimated
at approximately 1.3 x 10 substitutions.yr™ which is 4 — 5 fold lower than rates found within nuclear
genes (Clegg 1993). This slow rate of evolution means that we can trace back the evolutionary history of

rbcl to the origin of the red algae.

2.3.5 Phylogenetic Analysis of Maximum Likelihood (PAML)

Once we have an evolutionary map of mutations of rbcL we can apply PAML to determine which of
these genetic mutations were due to adaptations versus being random. Every amino acid is encoded by
three nucleotides according to the genetic code (codon). There is redundancy in the code so not every
mutation at the genetic levels leads to a change in amino acid (Krebs et al. 2011). Mutations can be
classed as either nonsynonymous (i.e. changes the amino acid, N) and synonymous (ie does not change
the amino acid, S). Non-synonymous mutations can affect protein function (see Chapter 3 for more
details about the role of amino acid structure on protein function) and to remain in the population they

must confer a neutral or adaptive advantage to the organism (positive selection) (Yang 1997).

PAML implements models of codon substitutions that allow for variation in the ratio of non-

synonymous (dy) to synonymous (ds) rates (dy/ds) across codons. Codon are placed into classes where
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dn/ds>1, dy/ds=1 and d\/ds<1 indicate positive, neutral and purifying selection respectively. Positive
selection is determined by comparing two nested models (one which allows for positive selection, and
one which does not) using a likelihood ratio test (Yang 2007). Probability that the model with positive
selection is a better fit to the data than the model without positive selection is approximated using a x*
distribution of the likelihood ratio test statistic (2A /, where A | is the difference between the log-
likelihood scores of the two models) with the degree of freedom (df) being the difference in the number

of free parameters between the two models (Zhang et al. 2005).

Two different tests for positive selection were used in this Chapter. The first, M1a/M2a, is a site test
which averages dy/ds across all branches for each codon (Yang 2007). The second test is the branch-site
approach which determines whether positive selection occurs at codons along a specific branch within a
tree (Zhang et al. 2005). The branch-site test compares the dy/ds of codons along a specified branch
against the dy/ds of codons along all other branches of the tree. This test is applied multiple times,
testing each branch of the tree in turn. As we are testing a number of branches in the tree, Bonferroni’s

correction was used to maintain the familywise error rate (Anisimova & Yang 2007).

2.4 Material and Methods

2.4.1 Genomic DNA extraction and generation of Rubisco sequences

Genomic DNA was isolated from algal (Bacillariophyta and Haptophtya) cultures maintained at the
Plymouth Culture Collection (P.C.C.) U.K. Cultures were provided by Ms Maria Jutson from the Marine

Biological Association (MBA, Plymouth, U.K.) who also provided laboratory space and equipment for
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extraction. A list of cultures from which DNA was extracted is shown in Appendix 2-1. Genomic DNA was
isolated using a protocol adapted from Richlen & Barber (2005). 1-15 mils of culture in exponential
growth (10%to 107cells in total) was pelleted by centrifugation (1500 x g, 4 min) and resuspended in 200
ul of 10 % (w/v) chelex resin solution (Biorad Laboratories, CA). This was vortexed vigorously and heated
at 95°C for 15 min then cooled at 4 °C for 10 min. Chelex bound constituents were removed by
centrifugation (15k x g, 15 min). Supernatant containing genomic DNA was purified through TE
microspin column (BioRad, CA) and quantified using a nanodrop (ThermoScientific, DE) and stored at -20

°C.

Primers were designed based on conserved sequences obtained from aligning published rbcL
haptophyte and diatom sequences. Full length rbcL and rbcS sequences of haptophytes and diatoms
were obtained from NCBI Genbank (www.ncbi.nlm.nih.gov/) (Benson et al. 2005) and aligned using
ClustalX (Thompson et al. 1997) in order to find highly conserved regions. Primer3 software (Rozen &
Skaletsky 2000) was used to design primers which were ordered through Eurofins Ltd (Germany). The
sequences of designed primers are summarized in Appendix 2-2a, and the pairs of primers used are

summarized in Appendix 2-2b.

Polymerase Chain Reaction (PCR) was carried out using a Gradient Mastercycler (Eppendorf,
Germany) and reaction mix of 2 x Ready Mix Tag Polymerase (Bioline, U.K.), 10 pmols of primer and 1 pl
of DNA. Conditions varied slightly but the majority of primer sets worked with following conditions: 95
°C for 2 min followed by 36 cycles of 92 °C for 30 sec, 53 °C for 30 sec, 72 °C for 3 min with a final
elongation of 72 °C for 10 min. Specific bands were determined by gel electrophoresis (Biorad, CA) ina 1
% agarose gel with 1 x TAE buffer for 100 V, 30 min and viewed with Gel Documentation system (Imgen

Technologies VA). Specific products were excised from the gel and purified with Qiaquick Gel
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Purification Kit (Qiagen, Germany). Purified products were quantified using a Nanodrop (Thermo

Scientific, DE) and prepared for sequencing.

8 fmol/ul of template PCR product was used for direct sequencing. A 5 pl reaction was prepared
with 2 ul ABI Big Dye Terminator Reaction mix (Applied Biosystems Inc, CA) and 10 pmoles of primer,
made up to the final volume with water. Sequencing reaction was performed in the Gradient
Mastercycler (Eppendorf, Germany) with 28 cycles of 94 °C for 25 sec, 53 °C for 25 sec, 60 °C for 4 min.
The product was purified by ethanol precipitation and DNA sequencing was performed using ABI BigDye
v3.1 and capillary sequencers 3700 and 3730x| (Applied Biosystems Inc.CA) at the Molecular Evolution
Group, Department of Plant Sciences, University of Oxford. Sequences were viewed using FinchTV

(Geospiza, WA). Forward and reverse reads were aligned and manually checked.

2.4.2 Construction of phylogenetic trees

The rbcl and rbcS sequences obtained from MBA cultures were combined with pre-existing
sequences from NCBI Genbank (for complete list of sequences see Appendix 2-3) and aligned with
ClustalX (Thompson et al. 1997) and manually checked. For analysis of positive selection of
monophyletic taxonomic groupings of algae, trees were constructed using a Bayesian approach
(MrBayes, Huelsenbeck et al. 2001, Ronquist & Huelsenbeck 2003) using a General Time Reversible
(GTR) model with gamma-distributed rate variation across sites and a proportion of invariable sites with
at least 1000 runs. These trees were compared with those constructed by NJ and ML methods along
with published phylogenetic trees (Appendix 2-4). NJ trees were constructed using Mega (Tamura et al.
2007) and Maximum Likelihood trees were constructed with PhyML (Guindon & Gascuel 2003, Guindon

et al. 2005) using a HKY85 substitution model, with fixed invariable sites, with 4 substitution rate
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categories, estimated gamma shape parameter, and compute SH-like aLRT, using a NNI type of tree

improvement and BIONJ starting tree.

The phylogeny of the red and chromist chloroplast was reconstructed using four plastid protein
coding genes used in Yoon et al. (2004) with a few changes; removal or replacement of species due to
short or poor quality rbcL sequences (Bangia fucuscopurpurea, Erythrotrichia carnea, Rhodosorus
marinus, Pyrenomonas helgolandii) and additional sequences of heterokonts, (Laminaria digitata,
Colpomenia peregrine), haptophytes (Pleurochrysis elongate, Coccolithus pelagicus) and coralline red
algae (Corralina sp. and Hypnea sp.) (Appendix 2-3A). All other trees were constructed using rbcl
sequences only (Appendix 2-3B). Additionally, the diatom tree was constructed using fused 18s rRNA
and rbclL sequences as there were not enough informative sites within rbcl alone for phylogenetic
construction and another gene suitable for tree building needed to be included (Fox & Sorhannus 2003).
While rpoA, another plastid gene, would be ideal, only few sequences are available (Fox & Sorhannus
2003) so our rbclL sequences were fused with 18s rRNA sequences, a nuclear gene, often used for
phylogenetic analysis (Medlin et al. 1996). The rpoA topology available matched the 18s rRNA topology
for our trees, therefore there was not a great difference between the nuclear and plastid phylogenies.
As rbcS sequences are much more divergent than rbcL, they did produced a poor quality tree with low

support. Therefore, trees were constructed using fused rbcL plus rbcS sequences (Appendix 2-3C).

2.4.3 Molecular clock estimates

Dating of the nodes was carried out by Dr Dmitry Filatov, Dept of Plant Sciences, Oxford University
and calibration constraints were selected by myself from the literature (summarised in Appendix 2-5).

Bayesian tree reconstruction and dating was conducted using BEAST software (Drummond & Rambaut
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2007). The calibration Phylogeny reconstruction assumed the GTR substitution model (Rodriguez et al.
1990) with gamma-distributed rate heterogeneity. For protein-coding genes separate rates were
assumed for the three codon positions. Runs were conducted with chain lengths of 5 x 107 to 108 steps
assuming Yule model of speciation process (Yule 1925) and both clock and uncorrelated lognormal
relaxed clock across the tree (Drummond et al. 2006, Yule 1925) with similar results. Given the standard
deviation of the uncorrelated log-normal relaxed clock (ucld.stdev parameter) was consistently below 1,
the data appeared to fit the molecular clock model quite well, hence the latter was used for dating of
individual nodes. The convergence of parameter estimates was checked using Tracer (Rambaut &
Drummond 2009). The data was saved every 10° steps and the first 5 x 10® trees were ignored as a burn-
in. TreeAnnotator v.1.5.4 was used to summarise the post-burn-in trees and the maximum credibility of

the tree. The 95 % probability density of ages was visualised in FigTree v.1.3.1 (Rambaut 2009).

2.4.4 Detection of positive selection

Detection of positive selection was performed using nested maximum likelihood models allowing for
variation in the ratio of non-synonymous to synonymous substitutions rates (dy/ds) across codons
implemented in PAML version 4 (Yang 2007). The hypothesis that some amino acid sites are under
positive selection can be tested by comparing two nested models with a likelihood ratio test. These
models place codons into classes of different dy/ds, where dy/ds>1, dy/ds=1 and d\/ds<1 indicate
positive, relaxed and purifying selection, respectively. The models compared differ by whether they

allow some sites to have a dy/ds over 1.
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2.4.5 dy/dsratio across sites

Three different models of codon substitution were used, MO (one ratio) assumes all sites have the
same value of dy/ds. M1la (nearly neutral) places codons into 2 classes with 0< dy/ds <1 or dy/ds =1.
M2a (positive selection) is the same as M1la but adds another class where dy/ds >1. Comparison of
M1la/M2a is a test for positive selection. The null distribution of the likelihood ratio test statistic (2A /,
where A | is the difference between the log-likelihoods of the two models) can be approximated using

the x* distribution with 2 degrees of freedom (Zhang et al. 2005).

2.4.6 dy/dsratio along lineages

We further explored whether d\/ds varied across lineages using a likelihood ratio test comparing
models allowing different dy/ds ratios of codons along branches (Zhang et al. 2005). This approach was
modified from a branch-site model suggested by Yang & Nielsen (2002). This model allows for dy/ds to
vary both among sites in the protein and across branches on the tree. It assumes branches are either
foreground branches or background branches and where positive selection is suspected only to occur in
the foreground branches. This model has four classes of sites, class 0 contains all sites where 0< d\/ds <1
in both foreground and background branches, class 1 is for neutrally evolving sites where dy/ds =1 in
both branch types. Classes 2a and 2b are for sites where d\/ds >1 in the foreground branches and 0<
dy/ds <1 (2a) or dy/ds =1 (2b) in background branches. This model has four parameters of dy/ds and
proportions of sites in class 0 and 1 (p,, p1) and is known as Model A. We used test 2 (Yang & Nielsen
2002) which compares this model A against a null hypothesis that is the same as model A but does not

allow d\/ds >1. These two models are compared using a likelihood ratio test with a null distribution that
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is the 50:50 mixture of point mass 0 and x* with critical values 2.71 at 5 % and 5.41 at 1 % (Yang 2007).
As we are testing a number of branches in the tree, Bonferroni’s correction was used to maintain the
family wise error rate (Anisimova & Yang 2007). Pair wise comparison of synonymous substitutions was
done using DnaSP v4.90.1 (Rozas & Rozas 1999) to confirm there was no saturation leading to false
positives, particularly in deeper branches. No saturation was evident (<70 %) which is not surprising as

rbcl is a slowly evolving gene.

2.4.7 Detection of residues under positive selection

A Bayes Empirical Bayes method (BEB) (Yang et al. 2005) was used to calculate the posterior
probabilities that each codon falls into the dy/ds classes and identified codons with a high probability of
being under positive selection. Codons with a probability of being under positive selection over 95 %

were further analysed in Chapter 3.

2.4.8 Geological history of atmospheric CO; and O;

Ranges of atmospheric CO, during the Proterozoic were taken from the literature (Kasting 1993,
Kaufman & Xiao 2003, Rosing et al. 2010, Sheldon 2006) Phanerozoic CO, was reconstructed from data
from models (GEOCARBSULF, incorporating the full variability of basalt/granite ratios, Berner 2008) and
proxies (CO, estimates from 6"C values from phytoplankton, liverworts, boron and stomatal indices as
compiled by Royer et al. 2007, with revised 6"3C paleosol data from Breecker et al. 2010, binned into 10

Ma and 1 S.D.) data. Proterozoic O, levels were taken from Canfield (2005). Phanerozoic O, was derived
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from various models (Bergman et al. 2004, Berner 2009, Falkowski et al. 2005) and proxies (Glasspool &

Scott 2010, showing 1 S.D.).

2.5 Results and Discussion

2.5.1 Isolation of genomic DNA and amplification of rbcL and rbcS

Genomic DNA was successfully isolated from 90 species of diatoms (orders Bacillariophyceae and
Coscinodiscophyceae), dinoflagellates (Dinophyceae) and haptophytes (Prymnesiophyceae) as
confirmed by spectrophometric determination. This comprised of all of the species of Chromista algae

kept in culture at PCC (though not every isolate of each species) (Appendix 2-1).

New primers to amplify chromist rbcL and rbcS were designed for this thesis (Appendix 2-2).
Chromista algae possess a red chloroplast which has only 1 copy of rbcS gene that has been retained in
the chloroplast, separated from the rbcL sequence by a short intergenic spacer. Therefore it is possible
to sequence the entire rbcL-intergenic spacer-rbcS (~2000 bp varying between species) using a number
of newly designed primers pairs to sequence overlapping fragments. A summary of partial and full rbcL-
rbcS aligned sequences obtained using genomic DNA isolated and newly designed primers are given in
Appendix 2-1. Our primers encompassed 78 bp - 1470 bp of rbcL, the full length of the intergenic spacer
and 1-399 bp of rbcS genes. From the 90 species, we obtained 24 full rbcL-rbcS sequences and 28 partial
rbcl sequences. We were unable to amplify sequence from the remaining 38 species, which included 32

dinoflagellate samples. Since dinoflagellates have an unclear evolutionary history (as described in 1.1.5,
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(Zhang et al. 2000) it was decided not to focus on them for this analysis. Also, species with full

chloroplast sequences available on Genbank were not resequenced (4 species).

Not all sequences were able to be used for PAML analysis. Any sequences with misread nucleotides
had to be discarded as PAML will then remove that codon (triplet of nucleotides) from every sequence
for analysis. Additionally, as diatom rbcL was not informative for phylogenetic analysis, only those with
18s rRNA sequences available were used, resulting in a reduced number of diatom rbcL sequences.
Similarly, there was underrepresentation of Haptophyta at MBA. Therefore sequences from MBA were
supplemented with those available on Genbank. 578 rbcL sequences and 63 rbcS sequences from

different plastid containing algae were analysed (Table 2-1).

2.5.2 Phylogenetic Trees

We constructed a chloroplast evolutionary history of red and chromist algae, haptophytes and
diatoms which were used for site and branch-site analysis. Phylogenetic trees for site analysis were
made for the Rhodophyta (red algae, which was further split into Florideophyceae (other than
Ceramiales) Ceramiales and Bangiophyceae), Phaeophyta (which was further split in Laminariales,
Ectocarpales and Fucales), Cryptophyta, Chrysophyceae and Synurophyceae, along with Haptophyta and
Bacillariophyta (diatoms) with phylogenies constructed using rbcL sequences. We also tested some
green algal lineages; Chlorophyta, Charophyceae and Desmidaceae. (see Appendix 2-3 for accession

numbers and Appendix 2-4 for trees).
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2.5.3 Positive selection of algal Rubisco occurred during distinct geological periods.

A full evolutionary history of eukaryotic algae which included of both red and green chloroplast
lineages resulted in saturation of synonymous sites (Anisimova et al. 2003) which would produce false
positives in PAML analysis. Therefore we decided to focus on the red and chromist lineage. Using the
branch-site test of PAML (Zhang et al. 2005) we tested individual branches along the red and chromist
chloroplast phylogeny for positive selection of rbcl (Figure 2-1A). The analysis of individual branches
revealed that positive selection was restricted to branches basal to the radiation of the red and chromist
algae between 1.56 — 0.41 Ga (average ages of the nodes; for the range at each node see Figure 2-1A).
Positive selection in rbcL was prior to the divergence of large algal taxonomic groups, but not within the
groups. To further explore this pattern we focused on two geochemically and ecologically important
groups with relatively good fossil records: the Haptophyta (including coccolithophores) and
Bacillariophyta (diatoms). Once again positive selection was restricted to a few, deep branches. The
Haptophyta (Figure 2-2) showed a strong signal of positive selection along the branch leading to, and
basal to, the radiation of the Prymnesiophyceae (which includes the coccolithophores Emiliania huxleyi,
Coccolithus pelagicus and colony forming Phaeocystis spp.) between 375 and 285 Ma. Once this group
diverged there is little evidence of positive selection apart from the branch leading to the
Phaeocystaceae. In the diatoms (Figure 2-3), adaptation also occurred in deep branches within radial
centrics (including Aulacoseira and Coscinodiscus spp.) at 142-97 Ma and pennates (including
Fragilariopsis, Phaeodactylum and Pinnularia spp.) at 73-56 Ma and of bipolar centrics (including

Thalassiosira, Chaetocera and Skeletonema spp.) at 114-92 Ma.

Positive selection hints at changes of amino acid that would influence the catalytic activity of
Rubisco. Indeed, positive selection does appear to explain the variation in known Rubisco specificity

factors (Figure 2-1B). However, specificity factors are only a ratio and are unable to reveal the true
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sensitivity of kinetic changes in Rubisco. There are few measurements of K. and V. in algae but the K, for
both diatoms and haptophytes are higher than the red algae. Within the red algae, the Cyanidiales,

which diverged earliest, has the lowest K. (Figure 2-1B).

We also had a cursory look for positive selection within the green chloroplast lineage along branches
separating major taxonomic groups. Positive selection was only found on the branch at the divergence
of the Chlorophyta and Streptophyta (Desmidaceae, Embryophyta and Charophyceae) and not within

the early branches within Streptophyta (Figure 2-4).

2.5.4. Positive selection of Rubisco in algae contrasts to that of land plants.

Our results of positive selection only in the deep branches of the algal phylogeny contrasts with the
ubiquitous positive selection found throughout the higher plant groups (Kapralov & Filatov 2007). To
test whether this result may be due to differences in the analytical approaches between studies, we
applied the methodology previously used for plants (Kapralov & Filatov 2007) to an expanded set of red
and chromist algal groups including Rhodophyta, Phaeophyta, Cryptophyta, Chrysophyceae and
Synurophyceae, along with haptophytes and diatoms with phylogenies constructed using rbcl
sequences (for trees see Appendix 2-4). This analysis confirmed the absence of positive selection within
algal taxonomic groups, with none of the expanded algal groups displaying a signal of positive selection

using this test (Table 2-1).
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2.5.5 Adaptation in the small subunit

The small subunit (rbcS) is less conserved than rbcl though it still appears to have most codons
under purifying selection (dy/ds<1) (Table 2-1). Using the M1la/M2a test on rbcS sequences of
Laminariales, Haptophyta and diatoms we find similar results to the large subunit in which only the
Laminariales show positive selection. Testing individual branches of the haptophtyes and diatom trees
for positive selection show, that, like rbcL, positive selection only occurs on a few distinct branches,
however, these are different from the ones identified in rbcL (Figure 2-5). Only two branches were
under selection within the haptophytes, leading towards the cosmopolitan species Emiliania huxleyi
(Figure 2-5A). Within the diatoms, only one branch was significant, leading towards Amphora
coffeaeformis and Phaeodactylum tricornutum (Figure 2-5B). The significance of positive selection within

the SSU will be discussed in further detail in Chapter 3.

2.5.6 (CO:as adriver for Rubisco adaptation

There is evidence that Rubisco adaptation in higher plants was driven by a number of environmental
factors in addition to atmospheric composition, including aridity and high temperatures (Galmes et al.
2005). However in the marine realm, we propose that it is the change in atmospheric CO, equilibrated
with surface waters, which acts as the ultimate driver of positive selection in Rubisco. As Rubisco is
packaged within the chloroplast, the adaptive response of Rubisco must be driven by changing
intracellular conditions. Intracellular CO, conditions are under physiological control and as external CO,
becomes increasingly limited algae are known to induce carbon concentrating mechanisms (CCMs) to
boost the internal supply of CO, to Rubisco (Badger & Andrews 1987). However, this can also lead to an

elevation in intracellular O, of levels up to 6 — 6.5 times external concentrations (Raven & Larkum 2007),
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due to reduced “leakiness” of both CO, and O, (Badger et al. 1985, Hopkinson et al. 2011). While both
intracellular CO, and O, levels can change by induction of a CCM, the trigger for the employment of
CCMs is driven by changes in external CO,. CCMs are regulated by external CO, and on geological scales
of eukaryotic evolution, changes of atmospheric CO, are orders of magnitude greater than changes in
0,. Additionally, the Form ID Rubisco appears to have reduced oxygenase potential and therefore a
reduced tendency to be inhibited by O, (Badger et al. 1998). Finally, optimisation of Rubisco efficiency of
the CO, fixation rate is driven by the trade-off between carboxylation velocity and CO, affinity, and

therefore is in tune with intracellular CO, concentrations (Savir et al. 2010).

In higher plants, it has been established that positive selection in rbcL emerges coincident with the
development of a C, CCM which elevates CO, to almost saturation at the site of Rubisco (Christin et al.
2008b, Kapralov et al. 2010). This relaxes pressure for Rubisco to have a high affinity for CO, and
therefore allows an increase in carboxylation velocity (V.), which results in increased photosynthetic
efficiency as the plant requires less nitrogen to achieve a given CO, fixation capacity (Christin et al.
2008b, Kapralov et al. 2010). By analogy therefore, positive selection in Rubiscos of haptophytes and
diatoms is likely to have occurred also in response to emergence of CCMs as both haptophytes and
diatoms are thought to possess them (Reinfelder 2010). We can infer that, like in the C, land plants,
positive selection indicates a lowering of CO, affinity and an increase in carboxylation velocity (V.) in
these algae after induction of CCMs. Indeed, modern day haptophytes and diatoms do display lower
specificities and CO, affinity (i.e. higher K.) than their red algal counterparts (their ancestral
endosymbionts, Figure 2-1B). So although atmospheric CO, acts as the ultimate driver of Rubisco
change, the mechanistic driver is the physiological innovation in boosting intracellular carbon (the

CCMs) in response to declining CO.,.
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The term CCM encompasses a wide variety of poorly understood mechanisms which concentrate
carbon to different degrees. While the pattern of positive selection in rbcL hints at a link between the
presence of CCMs and positive selection within the haptophytes and diatoms, there is insufficient
knowledge to detail whether a simple relationship exists between gradational improvements in carbon

concentration and positive selection in rbcL.

It does appear that the presence of positive selection certainly indicates elevated internal carbon.
We have already outlined that positive selection in haptophtyes and diatoms suggest an increase in
intracellular carbon concentrations above the red algae but many members of the red algae are also
thought to possess CCMs (Badger et al. 1998), though their relative abilities to concentrate carbon are
poorly documented (Badger et al. 1998). Like the presence of positive selection that separates the red
and chromist, positive selection also occurs at the divergence within the red algae at the divergence of
the Cyanidiales, and again correlates with an increase in K. (Figure 2-1B). This suggests positive selection
of rbclL is linked to a gradual reduced affinity of Rubisco for CO,, most likely driven by development of a

better functioning CCM.

On the other hand, absence of positive selection does not necessarily indicate a lack of CCMs. No
positive selection is detected leading to the Phaeophyta (the branch leading to Pylaiella littoralis in
Figure 2-1). Whilst there is no information on the carbon physiology of P. littoralis, Phaeophyta studied
to date do appear to concentrate carbon, but to lower levels than their diatom counterparts.
Furthermore, some orders are known to lack pyrenoids (Dicytotales, Sphacelariales, Laminariales, and
Fucales) although they do appear to be able to utilize HCO; (Badger & Andrews 1987). Even though we
find no positive selection in groups which are established as lacking CCMs, the Rhodophyta genera
Batrachospermum, Caloglossa, Membranoptera, Nitophyllum, Phycodrys and Ptilota (Raven et al. 2002,

Raven 2010, Raven et al. 2005) and Chrysophyceae and Synurophyceae (Maberly et al. 2009, Raven
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2010) (Table 2-1, trees for analysis shown in Appendix 2-4) the test used for this particular analysis is

very conservative. This test averages positive selection across the group and was unable to detect

positive selection, even within Haptophyta and diatoms, in which positive selection is established when

individual branches were tested.

B
1.00—L22 Umbilicosphaera sibogae

1, —L44 caicidiscus leptoporus
0.90 Cruciplacolithus nechelis
1.00 Coccolithus pelagicus

L 042 Helicosphaera carteri
Mﬂ: Emiliania huxleyi

1.00 .
Isochrysis sp.
| 1.00 Pavilova gyrans
Pavlova lutheri
0.00 1 (—Q24. Thalassiosira antarctica
0.99 —031 odontella sinensis
Chaetoceros calcitrans
l Y 0.12 09 Heterosigma akashiwo
1.09 | 1.00 Olisthodiscus luteus
L Pylaiella littoralis
I Pyremonas helgolandii
—|I.00 T%% Rhodomonas salina
204 Guillardia theta
‘Lm_j: Chilomonas paramecium
o0 Chroomonas sp.
0 r Chondrus ocellatus
= Lo [ e
],ml‘”gr-m Griffthsia monilis
= t 100 Corallina sp.
1.00 L Q.49 —— Paimariapalmata
100 —=— Bangia atropurpurea
| ) m‘—l-m— Porphyra purpurea
- Rhodochaete parvula
10.09 - 1.00 Compsapogon coeruleus
Bangiopsis subsimplex
Rhodosorus marinus
Stylonema alsidii
190 Dixoniella grisea
Lo Rhodella violaceae
1.00 Porphyridium aerugineum
L Flintiella sanguinaria
1.00 r—lﬁh Galderia sulphuria
I L 100  Galderia sulphuria 2
0.96 Cyanidioschyzon merolae
1.00 Cyanidium caldarium
1.5 1.25 1.0 0.75 0.5 0.25 0
Ga

Stramenopiles
(inc. diatoms)
n=1 Cryptophyta
n=0 _
n=2 -
Rhodophyta
(Cyanidiales)
0 100 200
Q

Figure 2-1: (A) RbcL phylogeny of red (Rhodophyta) and chromist (Cryptophyta, Stramenopiles, Haptophyta) algae with
branches under positive selection (magenta) and those with no evidence for positive selection in Rubisco (black). Black italic
numbers along branches are statistical significance (P-value) for positive selection from likelihood ratio tests (see methods).
Grey numbers are posterior probability values for individual nodes. Date estimates of nodes with grey bars denoting 95%
probability density and yellow diamonds with corresponding letter are fossil calibration dates (Appendix 2-5). (B) Available
measurements of Rubisco specificity factors (Q) (light blue bars) (Badger et al. 1998, Haslam et al. 2005, Tcherkez et al. 2006)
and K. (dark blue bars) (Badger et al. 1998, Webster 2009, MacFarlane & Raven,1989) with standard error bars and number

of species measured (n) are shown.
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Figure 2-2: Phylogenetic Tree for Haptophyta showing branches under positive selection (magenta) and those with no
positive selection (black). Black numbers above branch is statistical significance (p-value) of positive selection after a
likelihood ratio test comparing nested models and using Bonferroini correction. Grey bars denote 95% confidence intervals
for date estimates and grey numbers are posterior probability values. Yellow diamonds with corresponding letter are fossil
calibration dates (Appendix 2-5). Outlier group (diatom) branches were not tested as these were analysed in a diatom

specific tree (Figure 2-3)
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Figure 2-3: Phylogenetic Tree for diatoms showing branches under positive selection (magenta) and those with no positive

selection (black). Black numbers above branch is statistical significance (p-value) of positive selection after a likelihood ratio

test comparing nested models and using Bonferroni correction. Grey bars denote 95% confidence intervals for date

estimates and grey numbers are posterior probability values. Yellow diamonds with corresponding letter are fossil

calibration dates (Appendix 2-5).
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Figure 2-4: Phylogenetic Tree for green chloroplast lineage showing branches under positive selection. Only branches leading
to the main taxonomic groups were tested for positive selection with branches under positive selection (red) and not under
positive selection (blue). Blue numbers above branch is statistical significance (p-value) of positive selection after a likelihood
ratio test comparing nested models and using Bonferroni correction. Black numbers beneath branch are posterior probability
values
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Table 2-1: PAML Results for models M0, M1a/M2a

MO M1la/M2a

Group (trees found in

Appendix 2-4 unless dn/ds p-
otherwise stated) n(f) | n(g | n(s) n(n) BL K ds dv | dy/ds >1 p’ ' val
large subunit (rbcL)

Rhodophyta 31 37 50 1200 21.75 2.02 37.48 0.75 0.02 21.85 0.00 0.00 1.00
Bangiales 3 8 31 1200 7.25 2.39 11.01 0.27 0.02 9.76 0.00 0.00 1.00
Florideophyceae -

Ceramiales 3 45 67 1281 15.25 3.22 27.19 0.59 0.02 1.00 0.01 0.00 1.00
Florideophyceae -

rest 25 35 83 1281 15.25 3.22 38.01 0.74 0.02 28.38 0.00 0.00 1.00

Phaeophyceae 8 29 45 1362 2.73 3.17 3.91 0.18 0.05 2.37 0.00 0.01 0.99
Laminariales 4 19 28 1710 0.87 2.86 0.92 0.14 0.15 3.02 0.04 44.01 0.00
Ectocarpales 1 6 14 1464 0.74 4.68 1.21 0.02 0.01 62.31 0.00 0.00 1.00

Chrysophyceae and

Synuophyceae 4 5 33 930 8.95 0.97 14.82 0.45 0.03 33.72 0.00 0.00 1.00

Desmidaceae 1 3 40 1353 2.01 3.64 2.78 0.15 0.05 3.54 0.00 9.86 0.01

Chlorophyceae >15 44 72 1128 13.33 1.09 20.71 0.59 0.03 96.77 0.00 0.00 1.00

Charophyceae 1 6 34 1191 2.28 8.21 4.79 0.04 0.01 39.70 0.00 0.00 1.00

Haptophyta (Fig 2-2) 10 21 32 1377 8.50 1.38 8.72 0.44 0.05 1.00 0.09 0.00 1.00

Diatoms (Fig 2-3) 18 23 30 900 5.62 1.38 8.18 0.44 0.05 1.00 0.02 0.00 1.00

Red and Chromist

Algae (Fig 2-1) 28 39 40 1206 18.48 1.10 27.44 1.00 0.04 94.49 0.00 0.00 1.00

small subunit (rbcS)

Laminariales 5 15 27 1713 0.86 2.46 0.87 0.12 0.14 341 0.03 37.82 0.00

Diatoms (Fig 2-5B) 5 12 17 15780 3.82 1.44 4.99 0.36 0.07 43.42 0.00 2.98 0.23

Haptophyta (Fig 2-5A) 7 13 19 1542 4.30 1.13 5.43 0.37 0.07 36.12 0.00 0.00 1.00

Using MO model in PAML: nF = number of Families, nG = number of genera, nS = number of sequences, nN= number of
nucleotides, BL = branch length, k = transition/transversion rate, ds = synonymous subsitutions, dy = non-synonymous
substitutions, dy/ds = average dy/ds across tree (using 1 class for dy/ds). Comparing M1a (nearly neutral) to M2a (positive
selection). d\/ds>1 is the value of the dy/ds under positive selection, with the proportion of codon as pz. Likelihood that
positive selection is statistically likely is calculated using Likelihood Ratio Test (LRT) where x2=2*(LRTM2a-LRTMla) with 2
degrees of freedom to calculate probality for positive selection (p-value). Highlighted groups are those with statistically
significant signal of positive selection.
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Figure 2-5: Positive selection in the small subunit along branches in the haptophtyes (A) and diatoms (B). Branches under
positive selection (red) and those with no positive selection (black). Blue numbers above branch is statistical significance (p-
value) of positive selection after a likelihood ratio test comparing nested models and using Bonferroni correction. Black

numbers beneath branch are posterior probability values.
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2.5.7. Rubisco adaptation correlates with declining CO:

The timing of events of positive selection in Rubisco further corroborates its relationship with
atmospheric CO,. A comparison of the occurrence of positive selection within haptophytes and diatoms
during the Phanerozoic against the most recent compilation of proxy-derived reconstructions and
geochemical models of CO, and O, show that positive selection always corresponds with falling CO,
(insert, Figure 2-6). This correlation of Rubisco adaptation events with declining CO, demonstrates the
potential for use of adaptation of Rubisco as a qualitative indicator of shifts in past atmospheric CO,

levels.

Our pattern of adaptation prior to radiation, which characterises the history of algal Rubisco, is
suggestive that adaptive change at the physiological and molecular level was associated with the
enhancement of photosynthetic performance, and that this increased efficiency of the carboxylation
reaction could be the foundation for the successful subsequent proliferation of the different algal
groups in novel ecological niches. Adaptation in the Haptophyta between 375 and 285 Ga occurs over
the lowest limit of CO, of the Carboniferous and coincides with estimation of the emergence of
calcification, switch to full autotrophy and transition to an oceanic environment in this group (Liu et al.
2010). While this would suggest a common environmental driver for these adaptations, Liu et al. (2010)
argued that the shift to calcification, full autotrophy and oceanic lifestyles were mutually independent of
each other. Diatoms have carbon acquisition physiology that would suggest a CCM (Burkhardt et al.
2001, Rost et al. 2003) and it has even been controversially suggested that some possess a C,
mechanism (Raven 2010, Reinfelder et al. 2000, Reinfelder 2010, Roberts et al. 2007). The three
separate adaptation events within diatoms occur during falling CO, of the Mesozoic and Cenozoic which
coincide with their dominance and diversification, in particular Thalassiosirales, between 100 Ma and 30

Ma (Armbrust 2009).
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2.5.8. Extending the CO: record into the Proterozoic

We can apply the Phanerozoic relationship between declining CO, and positive selection to
investigate possible CO, change using the deeper branches in the tree of the whole red and chromist
algal lineage (Figure 2-6). It is challenging to constrain timing of adaptation in the Proterozoic due to
long branches and the lack of a fossil record to calibrate the molecular timing. Nonetheless, we find
positive selection on the earliest divergence of the Cyanidiales (1.56 - 1.14 Ga). It has been shown that
some extant members of this group, e.g. Cyanidioschyzon merolae, do possess a CCM (Zenvirth, Volokita
& Kaplan, 1985). There is a cluster of signals of positive selection in a number of branches immediately
after the event of secondary endosymbiosis, the origin of Chromista algae, ~1.1 Ga. The environmental
trigger for this symbiotic relationship between host and chloroplast is unknown but this relationship
confirms that Rubisco evolves in response to changing intracellular conditions, plus there are certain
advantages to an endosymbiotic habitat in a low CO, environment. The continued positive selection on
two branches subsequent to those immediately after the secondary endosymbiosis, points to sustained
declining CO, (0.93-0.52 Ga). We present a continuous record suggesting decreasing CO, encompassing
periods during the Proterozoic where we have few or no proxy driven constraints. Since advances in
evolutionary innovation generally occurred at times of major environmental or geochemical change
(Lande 2009), the trend of declining CO, during the Proterozoic suggests this billion years of time may
not have been so “boring”. We suggest instead a backdrop of environmental change associated with the
expansion of the eukaryotes during the very late Mesoproterozoic and Neoproterozoic (Yoon et al.
2004). Further, such a decrease in CO, likely played a role in triggering subsequent Snowball Earth

events and at least contributed to dictating Proterozoic climates (Hoffman et al. 1998).
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2.6. Conclusion

The wide adoption of photosynthesis by life, resulting in reduced atmospheric CO,/0, ratios, created
increased evolutionary pressure on Rubisco which has evolved its kinetic properties in response to
declining atmospheric CO, (Tortell 2000). Determining the timing of adaptation of the CO,/0, sensitive
enzyme, Rubisco, presents a novel approach in understanding the biological response to changing
atmosphere, and the periods of emergence of CCMs. It supports the current estimation of the periods
of decreasing CO, beyond the Phanerozoic and provides important additional constraints to the current
scarcity of proxies available during these time periods, uniquely delivering a continuous record
extending 1.5 Ga. The future challenge is to further document the physiological innovations responsible
for driving the Rubisco change, and to discover other genetic signatures which can open a window on

past major environmental change, such as the oxygenation of the planet.
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Chapter 3: Rubisco Characterisation in red and

chromist algae

3.1 Context and Contributions

This work follows the research from Chapter 2 and expands upon our current knowledge of Rubisco
kinetics from red and chromist algae. We wish to gain a better understanding on how adaptations in the
genetic structure can influence the function of Rubisco. To achieve this we take the sites under positive
selection detected in Chapter 2, with the assumption that these amino acid substitutions confer an
adaptive advantage to the organism in response to CO, concentrations at the site of Rubisco, and
analyse how these amino acid substitutions could affect structural and functional properties of the
enzyme. We try to link these changes of the amino acid sequence to different catalytic properties of
Rubisco enzymes. Due to the current paucity of information of Rubisco kinetics in the red and chromist
algae, we expanded upon the current knowledge by measuring CO, affinity (K.) within the Haptophyta

algae.

| would like to thank Prof. Murray Badger, ANU, for advising me on how to measure K. and Dr

Maxim Kapralov for advising me on how to investigate the tertiary structure of Rubisco.
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3.2 Abstract

Despite being a highly conserved enzyme, Rubiscos from different photoautotrophs display a wide
range of catalytic properties (Tcherkez et al. 2006). Even after decades of research, the structural
changes that influence this variation is still poorly understood, especially within the red and chromist
algae. These algae contribute significantly to global CO, sequestration by photosynthesis (Field et al.
1998, Falkowski and Raven, 2007) and as shown in Chapter 2, appear to have significantly higher
affinities for CO, than found in land plants (Uemura et al. 1997). However, there have only been a
handful of measurements of their catalytic properties (e.g. K. and Q) and, due to the lack of a suitable
model species, there have been few mutagenesis studies to relate amino acid sequence to structure
and catalytic properties. Here we investigate how changes in amino acid residues within Rubisco of
red and chromist algae, identified as being under positive selection in Chapter 2, could influence the
structure of the Rubisco enzyme, thereby affecting its kinetic properties. The possible kinetic effect
exerted by these amino acid substitutions are deduced from their location in the secondary and
tertiary structure and by the change in amino acid properties resulting from these substitutions. We
consider these changes in context of known relationships between amino acid changes and enzyme
kinetics based on studies in green algae and higher plants, and our current knowledge of kinetic
properties within red and chromist algae. Furthermore, we expand the current knowledge of Rubisco
kinetics from red and chromist algae by determining the affinity for CO, (K.) of Rubiscos from four

haptophyte algae of which three have not been previously published.
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3.3 Introduction

3.3.1 General Overview

Rubisco is produced in abundance within a photosynthesising cell (in C; plants, 20—30% of total leaf
nitrogen is sequestered in Rubisco (Evans and Seemann, 1989)) and is the rate limiting step of oxygenic
photosynthesis (see Chapter 1 for details). Due to this inefficiency, Rubisco has frequently been the
target for engineering to create a better enzyme and ultimately to increase crop productivity.
Consequently, the majority of research that investigates how Rubisco structure (and amino acid
sequence) influence catalytic properties has focused on higher plants, or the model green algae,
Chlamydomonas reinhardtii. C. reinhardtii is often studied due to its wealth of genetic information, ease
of transformation and ability to grow heterotrophically enabling identification photosynthetic mutants
(Spreitzer & Mets 1981, Spreitzer et al. 2001, Taylor et al. 2001). However, little attention has been paid
to the Rubisco found within the red and chromist algae. Only the red algae, Galdiera partita, has had its
protein structure crystallised (Protein Data Bank 1BWV , Sugawara et al. 1999) and Form 1D Rubiscos
are of a different structural form to that found in crop plants (Form 1D in red algae whereas green algae
and crop plants have Form 1B). Attempts to express Form 1D Rubisco in higher plant systems have failed
to produce a functional, assembled enzyme (Whitney et al. 2001). Therefore red algal Rubiscos have

been largely ignored in research focused on improving crop productivity.

There are a number of advantages to studying Rubiscos of red and chromist algae. Form 1D Rubiscos
appear to have significantly higher specificities for CO, than green algae and higher plant Rubiscos
(Uemura et al. 1997). The role of the small subunit (SSU) of Rubisco is potentially easier to study in the

red and chromist algae than those in green algae and higher plants. In the red and chromist algae, SSU is
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encoded by only one gene (rbcS) found in an operon within the chloroplast (Boczar et al. 1989) whereas
within green algae and higher plants, rbcS has been translocated to the nucleus and replicated, making
functional studies difficult. Finally, members of the chromista algae dominate the modern ocean and
contribute significantly to carbon fixation through photosynthesis. In particular, microplankton,
predominately composed of diatoms alone account for about a 32 % of the carbon fixed through

photosynthesis in the modern ocean (Uitz et al. 2010).

3.3.2 The Rubisco Enzyme

3.3.2.1 Forms of Rubisco

Rubisco is a Mg®* metalloenzyme. Rubisco exists in four different forms, with the bulk of
photosynthetic carbon fixation performed by the Form | enzyme, a 560 kDa holoenzyme of eight 50-55
kDa large (LSU) and eight 12-18 kDa small (SSU) subunits found in cyanobacteria, most eukaryotic algae
and all higher plants (Baker et al. 1975). There also exists Form Il, a dimer of two LSU found in peridinin
containing dinoflagellates and some prokaryotes (Morse et al. 1995). Only Form | and Il are used for
oxygenic photosynthesis, but other forms include Form lll, a decamer of five large LSU dimers found in
Archaea (Finn & Tabita 2003) and Form IV, also known as the Rubisco-like protein (RLP), which is not
photosynthetically functional (Li et al. 2005) (See Chapter 1 and Figure 3-1, for more details). There is
only 30 % amino acid identity between Forms | — IV (Kellogg & Juliano 1997) and Qs vary between these
Rubiscos from around 10 in Form Il to 240 in Form | (Badger et al. 1998) (see Chapter 1 for more

information on catalytic variation between forms and their evolutionary history).
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Form | Rubisco performs the bulk of oxygenic photosynthesis. All Form | enzymes are structurally
similar with 422 symmetry (tetragonal-trapezoidal crystal structure) and a core consisting of four LSU
dimers (L,) arranged around a four-fold axis, capped at each end with four SSUs (Andersson & Backlund
2008) (Figure 3-1). Form | can be further divided in IA, IB, IC and ID. Form IA is found in a-cyanobacteria
such as Prochlorococcus spp. and Synechoccocus WH7801) and in the euglyphid Paulinella (Marin et al.
2007), while Form IB is found in higher plants, green algae and B-cyanobacteria (e.g. Synechocystis
PCC6803). Form IC, on the other hand, is found in some photosynthetic bacteria e.g. Rhodobacter
sphaeroidea and Form ID is found in all non-green eukaryotic algae (i.e. red and chromist algae, except

Form Il containing dinoflagellates) (Spreitzer & Salvucci 2002).

Forms IA —ID arose from a common Form | ancestor (see Chapter 1 for the evolutionary history) and
can be differentiated according to their amino acid sequence (Figure 3-2). Forms IA and IB are about 80
% similar, as are the forms IC and ID. However between Forms IA/B and IC/D there is only about 60 %
sequence similarity (Pichard et al. 1997, Tabita 1999). Despite the different forms of Rubisco, they all
have the same functional active site (except for Form IV (RLP) which is unable to bind CO,, Andersson

2008).

3.3.2.2 Carbamylation

The catalytic mechanism of Rubisco is to convert CO, and a five carbon substrate, Ribulose
bisphosphate (RuBP), to two molecules of 3-phosphoglycerate (3-PGA). For functional studies, Form 1B
Rubisco from flowering plants is the predominant form used. Therefore, the following introduction on
carbamylation, activation and carboxylation is all based on Form 1B Rubisco.
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Before catalysis, Rubisco first needs to be activated by carbamylation. To activate Rubisco, a CO,
molecule attaches to Lysine at position 201 (K201) in the active site (Lorimer & Miziorko 1980). This
causes a minor conformational change of the LSU, resulting in correct positioning of Mg** which allows

binding of RuBP to the active site residues.

Figure 3-1: Representative structures of Rubisco forms 1 — IV (taken from Tabita et al. 2008). Permission to reproduce this

figure has been granted by Oxford University Press.

3.3.2.3 The Role of Rubisco Activase

RuBP has a much higher affinity to the inactive form of Rubisco than the active form, and binds
tightly, as do a number of other inhibitors (Jordan & Chollet 1983). When the substrate is bound to the

uncarbamylated (inactive) form of Rubisco it cannot be catalysed. The release of bound substrates from
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uncarbamylated Rubisco is slow, causing the majority of Rubisco to be inactive (Spreitzer & Salvucci

2002).

Figure 3-2: Comparison of tertiary structure of LSU. Form 1B from C. reinhardtii (green) compared to (A) Synechococcus sp.
(Form 1B) (B) Spinacia oleracea (Form 1B) (C) Ralstonia eutropha (1C) (D) G. partita (Form 1D). (Adapted from Andersson and

Buckland, 2008). Permission to reproduce this figure has been granted by Elsevier.

Rubisco Activase is a protein that accelerates the dissociation of bound Rubisco or inhibitors from
the closed form of Rubisco, allowing it to be carbamylated (Salvucci et al. 1986). In plants with inhibited
activase activity, Rubisco is sequestered in the closed (inactive) form and photosynthesis at atmospheric
levels of CO, is severely reduced (Eckardt et al. 1997, Mate et al. 1993, Salvucci et al. 1986). Rubisco
activase is found in all green algae and terrestrial plants but little is known about Rubisco activase in the
red and chromist algae. Genomic sequences of the diatoms, Thalassiosira pseudonana and
Phaeodactylum tricornutum, do not appear to have a gene encoding Rubisco Activase and the

mechanism of Rubisco activation is not well understood in red and chromist algae (Saska et al. 2004).
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3.3.24 The carboxylation reaction

Once Rubisco is carbamylated, RuBP can bind and be catalysed to its product, 3-PGA. RuBP binds to
the active site and a conformational change in Rubisco occurs to shield RuBP from the external media
(Whitney et al. 2011). The carboxylation reaction can be split into four steps; enolisation, carboxylation,
hydration and bond cleavage (Andersson 2008, Figure 3-3). First, a proton is removed from the third
carbon (C-3) of RuBP, converting it to 2,3-enediol(ate) (enolisation). Next, a molecule of CO, binds to the
second carbon (C-2) of the enediol-RuBP to produce a transition state: 2-carboxy-3-ketoarabinitol 1,5-
bisphosphate (carboxylation). Thirdly, this six carbon transition state is hydrolysed by H,O on C-3
(hydration). Finally, the bond between C-2 and C-3 is broken producing two molecules of 3-PGA (Figure
3-3, Spreitzer & Salvucci 2002, Andersson 2008). The formation of the 2, 3-enediol(ate) is reversible but

binding of CO, to form the six carbon transition state is irreversible (Spreitzer & Salvucci 2002).
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Figure 3-3: Carboxylation and oxygenation reactions of Rubisco (adapted from Andersson 2008). Permission to reproduce

this figure has been granted by Oxford University Press.
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3.3.2.5 Kinetic Parameters of Rubisco

Rubisco function is hampered by its inability to discriminate effectively between the structurally
similar CO, and O, that leads to a competitive photorespiration reaction where O,, instead of CO,, is
added to enediol-RuBP. O, is catalysed by the photorespiration reaction, producing one molecule of 3-
PGA and one molecule of 2-phosphoglycolate (2-PG) (Figure 3-3). 2-PG is toxic and inhibits the CBB
enzyme, triosephosphate isomerase (Husic et al. 1987) and therefore is rapidly metabolized. In
terrestrial plants, salvaging the photorespiration pathway requires at least ten different enzymes
(Bauwe & Kolukisaoglu 2003, Ogren 1984). Additional to the large energy requirements to metabolise 2-
PG, one CO, molecule is released for every two O, molecules photorespired. In higher plants, this could

account to about 25 % of the net rate of CO, assimilation (Sharkey 1988).

The ability for a Rubisco to discriminate between CO, and O, is expressed as the specificity
factor (Q) and is expressed as Q = VK./V,Kc (Laing et al. 1974). This takes into account the maximum
velocities of the carboxylase and oxygenase reaction (V. and V, respectively) and the half saturation
coefficients for the two reactions (K. and K, respectively) (Tcherkez et al. 2006, see Chapter 1 for more
details). It has been suggested that there is a trade-off between reaction rate (V) and the affinity for
CO, (K.). This is due to Rubiscos with a higher affinity for CO, forming a transition state that more closely
resembles a carboxylate group. As this transition state requires tighter binding to increase stabiliity,
more energy is required to push the reaction through to completion and the reaction rate is thereby
slowed (Tcherkez et al. 2006). It is proposed that adaptations of Rubisco are driven to optimise V., V,, K,

and/or K, for the environment at the site of Rubisco (see Chapter 2 for details).
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3.3.2.6 Kinetic Parameters of Rubisco in Chromista algae

To fully understand the wide range of catalytic properties of Form | Rubisco, and the influence of the
amino acid sequence, we need measurements of not only the Q (which is only a ratio and does not give
the true kinetics of the enzyme) but of V,, K, V, and K, Unfortunately there is little information on
Rubisco kinetics in red and chromist algae. Q is the most common parameter measured but as this is a
ratio, it gives little insight into the individual kinetics for CO, and O,. Available measurements of
specificity and K. in the red and chromist algae are shown in Figure 2-1 and Badger et al. (1998). The red
algae have the highest specificity factors of all Forms of Rubisco measured to date (Badger et al. 1998).
There are few measurements of red algal K. but it appears that K. varies between 22 UM CO, in
Porphyridium cruentum (which is equivalent to the K. of green algae) to much higher CO, affinity in
Cyanidium caldarium and Galdiera partita. which has a K. of around 6 UM CO,. Other red algal K.
measurements have been made of 16-18 UM by Palmaria palmata, 5 UM by Lemanea mamillosa and 25
UM by Griffithsia pacifica (MacFarlane & Raven, 1989). However these measurements have been made
at different O, partial pressures and temperatures to the standard 25 °C and in the absence of O,. There
is only one measurement of the affinity for O,, with a K, measurement in P. cruentum of 1574 UM O,,

much higher than K, measured in green algae and higher plants (250 -660 UM O,, Badger et al. 1998).

There are even fewer measurements within the Chromista algae. No kinetic measurements of
Rubisco have been reported in the brown macroalgae. There is one K. measurement within the
cryptophyte, Chroomonas spp., of 10 UM CO, (MacFarlane & Raven, 1989). Qs have been measured in
diatoms and found to be lower than red algae, but higher than green algae and higher plants (Badger et
al. 1998, Haslam et al. 2005, Figure 2-1). Diatoms have K. similar to green algae but seem to have high

and variable K, (Badger et al. 1998, Figure 2-2) The only haptophyte measured to date (E. huxleyi) has a
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Q similar to higher plants (either C; or C, depending on study) and K. similar to C, plants and diatoms

(Badger et al. 1998, Webster 2009).

Temperature can also influence kinetic parameters (Tcherkez et al. 2006). For comparison between
species, kinetic measurements are commonly performed at 25 °C. While this is a reasonable
temperature for a large variety of higher plants (particularly those important for crop production) it is
not a realistic environmental temperature for most marine algae. Therefore measuring algal Rubisco
kinetics at 25 °C could result in a Rubisco displaying significantly different kinetics in the laboratory
compared to that exhibited in its natural environment. In particular, many of the red algae with
extremely high Q (e.g. Galdieria sulphuraria) are extremeophiles, found in temperatures in excess of 50
°C and pH between 0.5 and 3 (Ciniglia et al. 2004). Subsequently, even though their Q are high at 25 °C
and ambient CO, (Badger et al. 1998), the catalytic activity in their niche environment would be
significantly different. There is a need to increase the number of measurements of catalytic properties

of Rubisco from red and chromist algae.

Activation of Rubisco is another property that could potentially differ in the red and chromist algae,
compared to what is known in green algae and higher plants. All Rubisco enzymes need to be
carbamylated which occurs in the presence of CO, and Mg**. For in-vitro measurements Rubisco extracts
are incubated with Mg** and CO, to activate all the enzyme prior to experiments (Portis 1992). However,
there is no information whether the level of activation achieved is the same in the red and chromist

algae.

3.3.3 Structure of Rubisco
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3.3.3.1 The relationship between protein sequence and function

The key to fully understand the variety of Rubisco kinetics is to link protein structure and folding to
its catalytic properties. In Chapter 2 we investigated how the genes encoding the LSU (rbcL) and SSU
(rbcS) have evolved and found evidence of certain adaptive changes that may explain different Rubisco
kinetics. Using PAML, residues under positive selection were identified along with the amino acid

substitutions that occurred.

There are 20 amino acids whose properties vary predominantely based on their side chains (Figure
3-4). In a protein, the sequence of amino acids (primary structure) are connected through covalent
peptide bonds that joins the carboxyl end group from one amino acid to the amino end group of the
other (Branden & Tooze 1999). This string of amino acids form localised structures of a-helices and B-
sheets (secondary structure) due to hydrogen-bonds. a-helices are a coiled formation where the amino
group of an amino acid donates a hydrogen bond to the carboxy group of the amino acid four residues
away (Branden & Tooze 1999). B-sheets are comprised of B-strands connected laterally by hydrogen
bonds, between the carboxy and amino end groups of amino acids from different strands, forming a
sheet. B-strands are lengths of amino acids with a backbone in an almost fully extended conformation
(Branden & Tooze 1999). In a secondary structure, the a-helices and B-strands are numbered
sequentially along the primary sequence and the loops formed between these secondary structures are
labelled according to the secondary structures they link e.g. loop 6 links a-helix 6 and B-strand 6 in the
LSU. Additional folding by non-specific hydrophobic interactions and other intermolecular forces (e.g.
ionic bonding, ion-dipole forces, hydrogen bonds, dipole-dipole forces and Van der Waals forces, Gindt
& Hartung 2004) creates a 3-dimensional conformation (tertiary structure) (Branden & Tooze 1999).
Finally, in the case of Rubisco, quaternary structure involves the assembly of the LSU and (in Form |) SSU

into a functional enzyme.
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It is the properties of the amino acids (based largely on their side chains) that influences the folding
and assembly of the Rubisco enzyme, which in turn, dictates its kinetics properties. Amino acids vary in
charge, polarity, hydrophobicity along with size of, or interactions with, side chains (Livingstone &
Barton 1993, Figure 3-4). Substitutions of amino acids results in a change in physical properties (e.g.
charge, polarity hydrophobicity) which can interfere with the intermolecular binding in the secondary,
tertiary and quaternary structure. If this occurs in a key amino acid position it can influence the
assembly or kinetics of the enzyme. For example, hydrophobicity plays a major role in protein folding
resulting in a protein conformation where hydrophilic residues are exposed to the solvent, whereas
hydrophobic residues are shielded from the aqueous environment. Hydrophobicity, polarity and the
charge of amino acid residues play an important role in the subunit interactions of Rubisco (van Lun et
al. 2011) but also with Rubisco interactions with other proteins. For example, assembly of the Rubisco
enzyme is facilitated by chaperone proteins and the polar and hydrophobic side chains within the
carboxy— terminus of LSU control this binding (e.g. for LSU to bind the RbcX chaperone protein,
Saschenbrecker et al. 2007). Additionally, the majority of sites lining the active site in Rubisco are made

up of charged or polar residues to facilitate the binding of substrate (Lu et al. 1992).

It can be assumed the more different the amino acid properties, the larger effect it will have on
protein folding. However, it is still difficult to predict protein folding from amino acid structure alone.
The large size of the protein and its complex interactions with multiple substrates and subunits make
modelling the effects of amino acid substitutions extremely difficult. Much of the knowledge of Rubisco
structure is from X-ray crystallography but there is only one Form ID Rubisco with a crystallised protein
structure (G. partita, Protein Data Bank 1BWV, Sugawara et al. 1999). There is even less known on the
effect of amino acid substitutions, for which the information largely comes from mutagenesis studies in

C. reinhardtii and Synechococcus sp. (Spreitzer & Salvucci 2002).
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Glycine Gy G Proline Pro P
Alanine Ala A Valine Val \Y
Leucine leu L Isoleucine lle I

Methionine Met M Cysteine Cys C
Phenylalanine Phe F Tyrosine Tyr Y
Tryptophan Tp W Histidine His H
Lysine Lys K Arginine Arg R
Glutamine Gln Q Asparagine Asn N
GlutamicAcid Glu E AsparticAcid Asp D
Serine Ser S Threonine Thr T

—| Polar

“Positive

Figure 3-4: Amino acids (A) List of amino acids along with their 3 letter code and single letter code (B) Properties of amino
acids (shown as a single letter) in terms of polarity, hydrophobicity, size, structure (Aliphatic or Aromatic). Adapted from
(Livingstone & Barton 1993). Permission to reproduce this figure was granted by Oxford University Press.

3.3.3.2 Conformation of Rubisco

Form | Rubisco consists of eight LSUs and eight SSUs. Every two LSUs interact, carboxy-terminus
to amino-terminus to form a dimer of two active sites (Andersson & Backlund 2008, Spreitzer & Salvucci
2002). Within Form | Rubisco, the eight active sites face the outside of the molecule (Andersson et al.
1989). Four dimers of LSUs are assembled together and capped at each end by four SSUs. Not only is the
SSU important for LSU assembly, but it is also speculated that SSU has a role in enzyme kinetics, as Form

Il Rubiscos (which lack SSU) show a much lower Q than Form | Rubisco (Badger et al. 1998, Genkov &
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Spreitzer 2009, Spreitzer 2003). The difference in Q is least for the cyanobacterial Form 1B or Form 1A

(Whitney et al. 2011).

The structural conformation of the LSU is generally conserved between all Rubiscos with only slight
differences (See Figure 3-2, Tabita et al. 2008). The LSU can be divided into an amino- and carboxy-
terminal domains. The amino-terminal domain is smaller and is made up of B-strands BA — BE and a-
helices of aB — aE, which forms a B-sheet of four or five strands with the a-helices on one side of the
sheet (Figure 3-5, Kellogg & Juliano 1997). The carboxy-terminal domain is larger, with a parallel o/B
barrel structure made up of eight consecutive B/a-units (B1 — B8 and al — a8) with loops between each
B-strand and a-helix (loops 1 — 8) (Kellogg & Juliano 1997). There are conformational differences in the
o/B barrel in the carboxy-terminal domain between the LSU of Form | and Form Il Rubisco: in loop 7,
helix a7, loop 8 and helix a8 (Schneider et al. 1986). Additionally, Form Ill and Form IV are missing the

BG-BH loop (Andersson & Backlund 2008).

The a/B barrel of the carboxy-terminal domain forms the base framework of the active site. The
loops (loops 1, 2, 5 — 8) contain residues that interact with the substrate or the Mg** ion (Andersson
2008). RuBP binds in an extended conformation across the opening of the a/p barrel and is anchored at
two distinct phosphate binding sites at opposite sides of the o/ barrel and in the middle of the Mg**
binding site (Andersson 2008). For Rubisco to be catalytically active, it needs to be in an open state,
where the active site is not bound to substrates or products. When in the closed (inactive) state,
substrates and inhibitors are tightly bound to the active site and Loop 6 acts as a lid, covering the
opening of the a/B barrel. However, when Rubisco is carbamylated, the process of closing loop 6 over
RuBP bound, carbamylated Rubisco completely shields RuBP and active site from solvent and allows

carboxlyation to occur (Andersson 2008).
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Figure 3-5: Secondary structure of LSU. Residues are numbered according to S. oleracea along with secondary structures (B-
strands, a-helices and some loops) are marked along with the amino- (N) and carboxy- (C) terminus. (Taken from Kellogg &

Juliano 1997). Pemission to reuse this figure has been granted by the The Botany Society of America.

SSU sequences are more diverse than the LSU sequence. The SSU core structure is an anti-parallel -
sheet consisting of four B-strands and covered on one side by two a helices (Knight et al. 1990). The BA-
BB loops of the four SSU form around the opening of the solvent channel and within cyanobacteria, red
algae and chromist algae there are only ten residues in the loop but higher plants and green algae have
22 and 28 residues, respectively (Andersson & Backlund 2008). To compensate for the shorter BA-B
loop, red and chromist algae and cyanobacteria have an extension in the carboxy terminus that forms a
B hairpin structure (BE-BF loop) that occupies spaces normally filled by the longer BA-BB loop
(Andersson 2008). The BE-BF loops of the four SSUs form a central B-barrel at the entrance of the central

solvent channel (Andersson 2008). Green algae are known to have a longer carboxy terminal domain
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than terrestrial plants but this does not form a hairpin structure and does not appear to be essential for
enzyme function (Spreitzer 2003). Rubisco enzymes with the short BA-BB loop, also have a slightly
longer BC-BD loop (Spreitzer 2003). The four SSUs form a unit at either end of the LSU octamer and it is
assumed SSU is important to assemble LSU together but it is also speculated that SSU has a role in

enzyme kinetics (Spreitzer 2003).

3.3.3.3 Residues Important for Rubisco Function

Throughout this Chapter residues in the LSU will be numbered according to spinach (Spinacia
oleracea) and all residues within the SSU will be numbered against the red algae Galderia partita. The
active site is highly conserved in all Rubiscos. Active site residues are distributed throughout the primary
structure of the LSU but are located near each other in the tertiary structure (Kellogg & Juliano 1997).
The amino acids that constitute the active site have different roles. During carbamylation a CO,
molecule attaches to Lysine at position 201 (K201) (Duff et al. 2000). Mg** then binds side chains of
D203, E204 and carbamylated K201. Shifting to an open state also requires bringing together the amino-
and carboxy- terminal domains of the neighbouring LSU, ordering of residues 63 — 69 of the amino-
terminal domain and packing the carboxy-terminal domain from W463 to the terminus against loop 6
(Duff et al. 2000). Other residues are important for forming hydrogen bonds with RuBP e.g. S379, G381,
W66, G404, G403, K175, T173 (Mourad et al. 2009). K334 is found at the tip of Loop 6 and interacts with
substrate CO,. Side chains of K334 extend into the active site and form hydrogen bonds with the two
oxygen atoms of CO,. K334 also forms hydrogen bonds with the y-carboxylate of E60 and hydroxyl group
of T65 in the amino-terminal domain of the adjacent LSU (Karkehabadi et al. 2007). E60 and N123 are
also essential for CO, or O, addition (Gutteridge & Gantenby 1995). There are other residues such as

K177 that stabilse the whole structure through a hydrogen bonding network (Gutteridge & Gantenby
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1995). Van der Waals contact of L335 with the P2 phosphate of RuBP, and K334 with the P1 phosphate

and the C2 carboxylate, closes Loop 6 over the bound RuBP (Duff et al. 2000).

Outside of the residues involved in the active site, there is still little information on the role different
residues play in regulating the kinetic properties of Rubisco. Most of the residues have been identified
through mutagenesis studies and computational analysis. Aside from the residues that make up the
active domain and loop 6 many other residues are important in positioning these structures into the
correct conformation. Other residues within Loop 6 (residues 331 — 338) are important for catalysis and
specificity (Chen & Spreitzer 1989, Chen et al. 1991). G333 and G337 are at the hinge of the loop 6 and
facilitate it opening and closing. Residues within the BC-BD loop in Form | Rubisco interact with Rubisco
Activase (Ott et al. 2000). Table 3-1 provides a summary of residues known to play a role in Rubisco

function.

All residues within the active site are highly conserved in different forms of Rubiscos (Andersson &
Backlund 2008). Mutagenesis studies on these residues have completely inhibited function (Spreitzer &
Salvucci 2002) and therefore they are not targets to improve catalytic efficiency of Rubisco nor are likely
to explain the large variation in catalytic properties evidenced in different Rubiscos. Of mutations that
do show a testable phenotype, most are changes that alter Rubisco folding and assembly (“solubility”)
and there are only a few that alter kinetics (Whitney et al. 2011). Of those that alter kinetics, the
majority of mutations have a negative effect on carboxylase acitivity. A summary of residues identified

through mutagenesis studies is shown in Table 3-2.
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3.3.4 Summary

Mutagenesis studies have revealed the role some residues play in Rubisco conformation and
function. However, after extensive research we still are unable to relate amino acid sequence to kinetic
properties. By expanding on our current knowledge of kinetic properties in different photosynthetic
groups (particularly the red and chromist algae) and focusing our research on residues known to
undergo positive selection, we may be able to gain greater insight into the functional role of different

Rubisco residues.
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Table 3-1A: Residues within Rubisco LSU known to be important for function
Residue* Amino Acid Role of residue Reference
20 Y Identified from computational analysis - important for interacting with (Kannappan &
amino- terminal domain of neighbouring LSU Gready 2008)
50 E H-bond with Lys334 of neighbouring LSU (Andersson &
Backlund 2008)
60 E important for folding between open and closed positions during binding of | (Spreitzer &
RuBP Salvucci 2002)
60 E Identified from computational analysis - important for interacting with (Kannappan &
amino- domain of neighbouring LSU Gready 2008)
63-69 Located in amino-terminal domain and moved into position during (Andersson &
open/closed position Backlund 2008)
65 T H-bond with Lys334 of neighbouring LSU (Andersson &
Backlund 2008)
101 V,S, T,L(C3)->1(C4) | Under positive selection in C4 plants (Christin et al.
2008b)
123 N Identified from computational analysis - important for interacting with (Kannappan &
amino- domain of neighbouring LSU Gready 2008)
123 N active site residue in loop 6 (Spreitzer &
Salvucci 2002)
128 K may bond with V331 (Spreitzer &
Salvucci 2002)
142 P,T,R(C3)->A, I,V Under positive selection in C, plants (Christin et al.
(Ca) 2008b)
145 S,T,LM,I (C3)-> Under positive selection in C, plants (Christin et al.
A\V(C4) 2008b)
172 C Does not interact directly with substrate but close to the active site (Spreitzer &
Salvucci 2002)
175 K important for catalysis (Andersson &
Backlund 2008)
175 K Part of of the proton pathway to 3-PGA (Spreitzer &
Salvucci 2002)
201 K Important for carbamylation (Spreitzer &
Salvucci 2002)
203 D Essential for catalysis (Spreitzer &
Salvucci 2002)
204 E Essential for catalysis (Spreitzer &
Salvucci 2002)
258 R,A (C3) -> K (C4) Under positive selection in C, plants (Christin et al.
2008b)
270 L,M (C3) -> 1 (C4) Under positive selection in C, plants (Christin et al.
2008b)
281 A,D (C3)->S(C4) Under positive selection in C, plants (Christin et al.
2008b)
294 H Important for catalysis (Andersson &
Backlund 2008)
309 M (C3) -> 1 (C4) Under positive selection in C, plants (Christin et al.
2008b)
327 H Active site residue in loop 6 (Spreitzer &
Salvucci 2002)
328 A,G (C3) ->S (C4) Under positive selection in C4 plants (Christin et al.
2008b)
331-338 Loop 6, well conserved in higher plants and green algae, important for (Andersson &
catalytic mechanism Backlund 2008)
333 G Important for the hinge of loop 6 opening/closing (Andersson &

Backlund 2008)
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Table 3-1A :cont

Residue* Amino Acid Role of residue Reference
334 K Important for folding between open and closed positions during binding of | (Spreitzer &
RuBP Salvucci 2002)
338 G Important for the hinge of loop 6 opening/closing (Andersson &
Backlund 2008)
463 w Located at carboxy — terminal domain, packaged against loop 6 when (Andersson &
closed Backlund 2008)
473 D Important for folding between open and closed positions during binding of | (Spreitzer &
RuBP, may also be involved with activase Salvucci 2002)

*residues numbered according to spinach

Table 3-1B : Residues within Rubisco SSU known to be important for function

Region Description Reference

BA-BB loop Most divergent part of SSU. Only 10 residues in non-green algae, 22 residues in (Spreitzer 2003)
land plants and 28 residues in green algae. Enters central solvent channel of
holoenzyme, interacts with 3 LSUs and with BA-BB loop of 2 SSUs (Spreitzer
2003)

BC-BD loop Opposite side to the SSU BA-BB loop, extends between 2 LSU dimers, interacts (Spreitzer 2003)
with 3 LSUs on outer surface of LSU core (Spreitzer 2003)

BE-BF loop Only found in non-green algae, resides in central solvent channel of (Spreitzer 2003)
holoenzyme, filling space that arises from smaller BA-BB loop (Spreitzer 2003)

extended C terminus | these extra residues located on surface of holoenzyme and are not essential for (Spreitzer 2003)

in green algae Rubisco function or assembly (Spreitzer 2003)

N-terminus if 1st 20 residues deleted (Synechococcus PCC6301) assembly disrupted, if 1st (Spreitzer 2003)
12-13 residues deleted get assembly but reduced Vc, no change in Kc (Spreitzer
2003)

a-helices Are involved, along with 4 B-sheets in forming hydrophobic core. May have role (Spreitzer 2003)

in pyrenoid formation (Moritz thesis 2010)
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Table 3-2A: Mutagenesis studies of Rubisco LSU
Residue* | Mutation Organism Rubisco | Response Reference
Form
1-12 deleted Alcaligenes eutrophus, 1B 50 % activity, Km for RuBP (K(RuBP)) increased | (Kellogg & Juliano 1997)
10x
1-x deleted Triticum aestivum, 1B 50 % activity, K(RuBP) increased 10x (Kellogg & Juliano 1997)
Spinacea oleracea
7 T->S,V Synechococcus PCC7942 | 1B no effect (Spreitzer 1993)
14 K->L,Q Synechococcus PCC7942 | 1B no effect (Spreitzer 1993)
54 G->D Chlamydomonas B no protein (Spreitzer 1993)
reinhardtii
60 E->C,K, D, | Rhodospirillum rubrum Il no activity (Spreitzer 1993)
Q
112 S->F Nicotiana tabacum disrupt holoenzyme assembly (Spreitzer & Salvucci
2002)
123 N->G,S,L, | Rhodospirillum rubrum Il no activity or reduced specificity (Spreitzer 1993)
K,D,Q
128 K ->any Chlamydomonas 1B reduced Vc and specificity (Spreitzer & Salvucci
reinhardtii 2002)
171 G->D Chlamydomonas 1B no activity (Spreitzer 1993)
reinhardtii
172 C->S,A Chlamydomonas 1B increases holoenzyme stability and S (Spreitzer & Salvucci
reinhardtii substitution also increases specificity with no 2002)
change in Vc
173 T->1 Chlamydomonas 1B no activity (Spreitzer 1993)
reinhardtii
175 K->G,S, A, | Rhodospirillum rubrum Il no activity and/or reduced protein (Spreitzer 1993)
C H,R,D,
Q,
177 K-> R, E,Q | Rhodospirillum rubrum Il no activity and/or reduced protein (Spreitzer 1993)
198 D->E Rhodospirillum rubrum Il no effect (Spreitzer 1993)
200 1->T Rhodospirillum rubrum Il no effect (Spreitzer 1993)
201 K->E,C, Rhodospirillum rubrum Il no activity (Spreitzer 1993)
202 N->D Rhodospirillum rubrum Il reduced Vc (Spreitzer 1993)
203 D->N Rhodospirillum rubrum I no activity (Spreitzer 1993)
204 E->V,Q Rhodospirillum rubrum Il no activity (Spreitzer 1993)
217 R->S Chlamydomonas 1B no protein (Spreitzer 1993)
reinhardtii
222 A>T Chlamydomonas 1B recover L290F mutation and thermal stability (Spreitzer & Salvucci
reinhardtii of WT holoenzyme but slight decrease in Vc (> | 2002)
20A away from 290)
237 G->S Chlamydomonas 1B no activity, reduced protein (Spreitzer 1993)
reinhardtii
262 V->L Chlamydomonas 1B recover L290F mutation (Spreitzer & Salvucci
reinhardtii 2002)
290 L->F Chlamydomonas 1B reduced protein levels and Q (Spreitzer 1993)
reinhardtii
294 H->K, N Rhodospirillum rubrum Il reduced Vc (Spreitzer 1993)
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Table 3-
2A cont
Residue* | Mutation Organism Rubisco | Response Reference
Form
298 H->SA, L, Rhodospirillum rubrum 1] reduced Vc (Spreitzer 1993)
K, R
309 1->M, L Synechococcus sp. 1B no effect on activity, reduced protein (Kellogg & Juliano 1997)
322 G->S Nicotiana tabacum 1B disrupt holoenzyme assembly (Spreitzer & Salvucci
2002)
326 L->1 Chlamydomonas 1B reduced holoenzyme stability (Spreitzer & Salvucci
reinhardtii 2002)
327 H->S, A, K, | Rhodospirillum rubrum 1l reduced Vc (Spreitzer 1993)
R,N,Q
331 V->A Chlamydomonas 1B reduced Q (Spreitzer 1993)
reinhardtii
331 V->A Synechococcus PCC7942 | 1B reduced Vc (Spreitzer 1993)
331 V->G, A, L | Synechococcus sp. B significant reduction activity/no activity (Kellogg & Juliano 1997)
I, M
334 K->G,S, A, | Rhodospirillum rubrum Il no activity (Spreitzer 1993)
CREQ
335 M ->L Rhodospirillum rubrum Il reduced Vc (Spreitzer 1993)
338 D->E Synechococcus PCC7942 | 1B no effect (Spreitzer 1993)
339 K->P Synechococcus sp. 1B 15% activity, Q the same (Kellogg & Juliano 1997)
340 A->E Synechococcus PCC7942 | 1B reduced Q (Spreitzer 1993)
340 A->L Synechococcus sp. 1B 66% activity, Q same (Kellogg & Juliano 1997)
341 S->1 Synechococcus PCC7942 | 1B no effect (Spreitzer 1993)
341 S>M Synechococcus sp. 1B 99% activity, Q same (Kellogg & Juliano 1997)
342 T->1 Chlamydomonas 1B restores Q of V331A (Spreitzer 1993)
reinhardtii
342 T->A 1L, Synechoccocus sp. 1B reduced activity, some reduced Q (Kellogg & Juliano 1997)
M, 1,V
338-341 | DKAS-> Synechococcus PCC7942, | IB replaced cyano residues with those found in (Spreitzer & Salvucci
EREI, ERDI Synechococcus sp. higher plants, reduced Vc to that of higher 2002)
plants but did not increase Q to that found in
higher plants
339-343 | KASTL-> Synechococcus PCC7942 1B replaced cyano residues with those found in (Spreitzer & Salvucci
PLMIK, non-green algae, reduced Vc and Q 2002)
PLMK
344 G->S Chlamydomonas 1B restores Q of V331A (Spreitzer 1993)
reinhardtii
346 - 348 | VDL->YNT, | Synechococcus PCC7942 1B blocked assembly of functional holoenzyme (Spreitzer & Salvucci
YHT 2002)
349 M->L Chlamydomonas 1B could partially restore L3261 (Spreitzer & Salvucci
reinhardtii 2002)
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379 S->A,C Rhodospirillum rubrum 1l reduced Vc, increased Q (Spreitzer 1993)
379 S->A,T,C Synechococcus PCC7942 1B reduced Q and reduced Vc (Spreitzer 1993)
424 L->N Chlamydomonas 1B restores structure of V331A (Kellogg & Juliano 1997)
reinhardtii
last 6 deleted Rhodospirillum rubrum Il no effect (Kellogg & Juliano 1997)
residues
last 8 deleted Rhodospirillum rubrum 1l no effect (Kellogg & Juliano 1997)
residues
last 8 deleted Synechococcus sp. 1B 2% activity (Kellogg & Juliano 1997)
residues
last9 deleted Rhodospirillum rubrum Il no effect (Kellogg & Juliano 1997)
residues
last 10 deleted Synechococcus sp. 1B 0.7% activity (Kellogg & Juliano 1997)
residues
last 17 deleted Rhodospirillum rubrum Il changes quaternary structure, no activity (Kellogg & Juliano 1997)
residues
last 18 deleted Rhodospirillum rubrum Il no effect activity, K(RuBP) increase (Kellogg & Juliano 1997)
residues
441-466 deleted Rhodospirillum rubrum Il changes quaternary structure, no activity (Kellogg & Juliano 1997)
C- deleted Synechococcus sp. 1B 70% activity (Kellogg & Juliano 1997)
terminus
Table 3-2B: Mutagenesis studies of Rubisco SSU
R1 R2 Mutation Organism Rubisco | Response Reference
Form
13 13 E->V Anabaena 7120 1B prevent accumulation of stable (Fitchen et al. 1990)
(6) holoenzyme, probably due to
mispairing/nonpairing of charged residues
between LSU and SSU
14 14 T->AV, Synechococcus 1B no effect on substrate affinity and didn't (Paul et al. 1991)
(7) E,G PCC6301 interfere with LSU and SSU interaction
except 14G had 5x reduction in K(RuBP) and
14G, 14D had weaker binding SSU and LSU
and decreased Vc.
16 16(9) S->A Chlamydomonas 1B no effect (Genkov & Spreitzer
reinhardtii 2009)
16 16(9) S->D Synechococcus 1B interfered with LSU and SSU binding (Lee et al. 1991)
PCC6301
17 17(10) Y->C Synechococcus 1B weaker binding between SSU and LSU and (Paul et al. 1991)
PCC6301 decreased Vc
18 18(11) L->A Chlamydomonas 1B holoenzyme stability, inhibited growth at 35 | (Genkov & Spreitzer
reinhardtii °C 2009)
19 19(12) P->A Chlamydomonas 1B no effect (Genkov & Spreitzer
reinhardtii 2009)
19 19(12) P->H Synechococcus 1B no effect (Lee et al. 1991)
PCC6301
21 21(16) L->E Synechococcus 1B interfered with LSU and SSU binding (Lee et al. 1991)
PCC6301
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Table
3-2B:
Cont
R1 R2 Mutation Organism Rubisco | Response Reference
Form
32 32 (25) Y->A Chlamydomonas 1B Decrease specificity decrease Vc, (Genkov & Spreitzer
reinhardtii 2009)
43 43 (36) E->A Chlamydomonas 1B decrease specificity, decrease Vc, increase (Genkov & Spreitzer
reinhardtii Kc, increase Ko, inhibit thermal stability 2009)
53 54 (na) R->E Pisum sativum 1B in SSU betaA-B, blocked holoenzyme activity | (Spreitzer & Salvucci
2002)
54 54 (na) N->S Chlamydomonas 1B in SSU betaA-B, increased Vc, specificity, (Spreitzer & Salvucci
reinhardtii and thermal stability of L290F mutant 2002)
54 73 (48) W ->F Synechococcus 1B decrease Vc but no change in Q, (Voordouw et al. 1987)
PCC7942
54 73 (48) W ->S Synechococcus 1B interfered with LSU and SSU binding (Lee et al. 1991)
PCC6301
54 55(38) E->R Pisum sativum 1B no effect on assembly (Flachmann & Bohnert
1992)
55 56 (39) H->A Pisum sativum 1B no effect on assembly (Flachmann & Bohnert
1992)
57 57 (40) A->V Chlamydomonas 1B in SSU betaA-B, increased Vc, Q, and (Spreitzer & Salvucci
reinhardtii thermal stability of L290F mutant 2002)
57 76 (51) W ->F Synechococcus 1B decrease Vc but no change in Q, (Voordouw et al. 1987)
PCC7942
59 59(42) R->E A Chlamydomonas 1B Differs between green/higher plants and (Spreitzer et al. 2001,
reinhardtii red, chromist algae and cyanobacteria, most | Spreitzer & Salvucci
mutations reduced Vc, Mutation to A gave 2002)
no effect
59 60 (43) P->A Pisum sativum 1B no effect on assembly (Flachmann & Bohnert
1992)
65 65(na) C->S,A, P | Chlamydomonas 1B enhances Vc, Q. In L290F mutant it restores (Genkov & Spreitzer
reinhardtii thermal stability (except P substitution 2009)
which decreases Vc and Q)
67 67(na) Y->A Chlamydomonas 1B differ between green/higher plants and red, | (Spreitzer et al. 2001,
reinhardtii chromist algae and cyanobacteria, reduced Spreitzer & Salvucci
V¢, reduced Kc 2002)
67 73(48) W ->R Anabaena 7102 1B prevent accumulation of stable (Fitchen et al. 1990)
holoenzyme, probably due to
mispairing/nonpairing of charged residues
between LSU and SSU
68 68(na) Y->A Chlamydomonas 1B differ between green/higher plants and red, | (Spreitzer et al. 2001,
reinhardtii chromist algae and cyanobacteria, reduced Spreitzer & Salvucci
Vc, reduced Kc 2002)
69 69(na) D->A Chlamydomonas 1B differ between green/higher plants and red, | (Spreitzer et al. 2001,
reinhardtii chromist algae and cyanobacteria, reduced Spreitzer & Salvucci
V¢, reduced Kc 2002)
63 69(na) D->G,L Pisum sativum 1B no effect on assembly (Flachmann & Bohnert
1992)
71 71(46) R->A Chlamydomonas 1B differ between green/higher plants and red, | (Spreitzer et al. 2001,
reinhardtii chromist algae and cyanobacteria, reduced Spreitzer & Salvucci
V¢, increased Kc, increased Ko 2002)
66 72(47) Y->A Pisum sativum 1B no effect on assembly (Flachmann & Bohnert
1992)
73 73 (48) W->A Chlamydomonas 1B decrease Vc, increase Kc, increase Ko, (Genkov & Spreitzer
reinhardtii inhibit thermal stability 2009)
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Table
3-2B:
cont
R1 R2 Mutation Organism Rubisco | Response Reference
Form
79 79 (54) P->A Chlamydomonas 1B decrease Vc (Genkov & Spreitzer
reinhardtii 2009)
73 79(54) P->H Anabaena 7102 1B prevent accumulation of stable (Fitchen et al. 1990)
holoenzyme, probably due to disruption of
intersubunit hydrophobic pockets
81 81(56) F->A Chlamydomonas 1B decrease V¢, increase Kc, increase Ko, (Genkov & Spreitzer
reinhardtii inhibit thermal stability 2009)
92 92(67) E->A Chlamydomonas 1B no effect (Genkov & Spreitzer
reinhardtii 2009)
98 104 (79) Y->N Anabaena 7102 1B prevent accumulation of stable (Fitchen et al. 1990)
holoenzyme, probably due to disruption of
intrasubunit hydrophobic pockets
87 105(80) 1>V Synechococcus 1B increase K(RuBP) (Read & Tabita 1992)
PCC6301
88 106(81) R->K Synechococcus 1B increase K(Rubp), increase Ko (Read & Tabita 1992)
PCC6301
91 109(84) G->V Synechococcus 1B decrease K(Rubp), decrease Kc, decrease Ko | (Read & Tabita 1992)
PCC6301
92 110(85) F->L Synechococcus 1B decrease K(Rubp), decrease Kc (Read & Tabita 1992)
PCC6301
92 110(85) F->S Synechococcus 1B decrease Vc, no effect on Q, increase Kc (Flachmann et al. 1997)
PCC6301
99 119(94) Q->G Synechococcus 1B decrease Vc, no effect on Q, increase Kc, (Flachmann et al. 1997)
PCC6301 increased misprotonation of 2,3-enediol
intermediate
108 128(103) P->L Synechococcus 1B decrease Vc, no effect specifity, increase Kc, | (Flachmann et al. 1997)
PCC6301 increased misprotonation of 2,3-enediol
intermediate
SSU Chlamydomonas 1B replaced with spinach sequence gives (Andersson & Backlund
BA-BB reinhardtii decrease Vc, Ko, Ko, no change Q 2008)
SSU Chlamydomonas 1B replaced with Synechococcus sequences (Andersson & Backlund
BA-BB reinhardtii gives decreased Vc, decreased Ko, 2008)

decreased Q

R1is numbered according to the species the mutagenesis studies was done in

R2 is numbered according to Figure 3-9 (number in brackets is aligned to G. partita)
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3.4 Materials and Methods

3.4.1 Residues under positive selection

Residues under positive selection in rbcL and rbcS were identified in Chapter 2 (Young et al. 2011)
using Bayes Empirical Bayes method (BEB) (Yang et al. 2005) along with the amino acid changes that
occurred at these residues. This chapter explores where in the enzyme structure these residues are

located and the changes in amino acid properties which have occurred and that may influence kinetics.

To determine the location of the residues under positive selection within the Rubisco structure, a
detailed map of LSU was constructed (Figure 3-7). This map displays the amino acid sequence of spinach
(S. oleracea, Genbank accession: NP_054944) aligned with the red algae, G. partita, Genbank accession:
1IWA_A). The position of the active sites and secondary structure were marked according to Kellogg &
Juliano (1997). Residues or regions known to be important for tertiary structure and enzyme function (as
summarised in Table 3-1A) are also indicated along with residues investigated by site mutagenesis
studies in higher plants and green algae (as summarised in Table 3-2A). The location of residues
detected under positive selection in our analysis, residues linked to C, photosynthesis (Christin et al.
2008b), and the land plant residues detected under positive selection by Kapralov & Filatov (2007) which

coincide with algal residues under positive selection are marked.

A detailed map was also created for SSU (Figure 3-9) by aligning the amino acid sequences of five
different species (Genbank Accessions in brackets) of a diatom Phaeodactylum tricornutum (AF195952),
coccolithophore Emiliania huxleyi (YP277314), red alga G. partita (1 IWA_B), land plant S. oleraceae
(P00870) and green alga Chlamydomonas reinhardtii (CAA28159). Secondary structure is marked above
the sequence (as summarised in Table 3-1B), and based largely on Spreitzer (2003). Beneath the

sequence are marked residues conserved in 95 % of all species (*) or those most divergent between
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green and red SSU (*) according to (Spreitzer 2003). Sites with mutagenesis information (as summarised

in Table 3-2B) are marked beneath the sequence by grey squares.

In order to infer the location of residues under positive selection within the tertiary structure,
residues within 5 A were identified using Deep View Swiss Pdb viewer v. 3.7
(http://www.expasy.org./spdbv/) (Guex & Peitsch 1997) based on structural data for S. oleraceae
(1RBO) obtained from RCB Protein Data Bank (http://www.rcsb.org/pdb) for LSU and based on G.
partita (1BWV) for SSU. In order to infer how these residue changes may affect the enzyme kinetics, the
class change of amino acid was identified along with calculation of changes in Van der Waals forces
(Simpson 2003), polarity (Grantham 1974) and hydropathicity (Kyte & Doolittle 1982) for both LSU and

SSU.

3.4.2 Measuring the affinity for CO: (K.) in Haptophyta

In order to increase our understanding of how amino acid change and positive selection influences
the kinetic properties of Rubisco in red and chromist algae, we measured the affinity for CO, (i.e. the
half saturation coefficient for CO,, K.) in a number of haptophyta and a diatom species. Methods are

outlined below:

3.4.2.1 Culturing Algal Strains

Experiments were carried out at Prof. Murray Badger’s laboratory at the Australian National
University, Australia or here at Oxford University. At ANU, two strains of Emiliania huxleyi (CS-813, CS-
812), one strain of Pleurochrysis carteri (CS-40) and one strain of Paviova lutheri (CS-182) were

purchased from CSIRO Marine Cultures Facility, Australia. Cultures were grown in artificial seawater
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(59883, Sigma, St. Louis, MO) and supplemented with Daigo IMK media (Nihon Pharmaceutical Co., Ltd.,
Tokyo, Japan). Cultures were grown in 16:8 light:dark cycles at an irradiance of 150 uE.m'z.s'1 at 16 °Cin
batch culture. Chlamydomonas reinhardtii (provided by ANU) was used as a control. For the experiments
conducted at Oxford University, Pavlova lutheri (PCC 75) and Phaeodactylum tricornutum (PCC 670)
were purchased from MBA (Plymouth, U.K.) and Pleurochyrsis placolithoides (RCC1401) was obtained
from Roscoff Culture Collection (France). These were cultured in artificial seawater (ESAW recipe (Berges
et al. 2001, Bergman et al. 2004) adapted from Harrison et al. (1980) supplemented with F/2 media

without Si (Sigma, St. Louis, MO) in 16:8 light:dark cycle at an irradience of 150 pe.m>.min™ at 16 °C.

3.4.2.2 Crude extraction of Rubisco

Cultures were grown to a cell density of 1 — 2 x 10° cells.mI* and harvested just prior to stationary
phase. 2 L of culture was pelleted at 3000 x g for 10 min at 4 °C in a Megafuge 40 R centrifuge (Thermo
Scientific, MA) using a 75003607 rotor. Cells were resuspended in 50 mM EPPS, 1 mM EDTA, 10 mM
MgCl, at pH 8.0 with 5 mM DTT and 0.015 % v/v protease inhibitor cocktail (Biorad, Heretfordshire, UK).
Cells were ruptured at ANU using a French press at 800 psi (~1500 psi cell pressure). At Oxford
University, cells were ruptured by sonication on ice with UP200S Sonicator (Hielscher, Germay) with 10
cycles of 0.5 sec bursts at 70 % amplitude. After french press or sonication, cell debris was removed by
centrifugation in a 5415 R centrifuge (Eppendorf, Germany) at 16,000 x g for 20 min, 4°C. The
supernatant was concentrated through an Amicon 30 kDa Ultra-15 Centrifugal Filter Units (Millipore,
Billerica, MA) with 4 x 20 min spins at 4000 x g, 4 °C. Concentrated supernatant was further clarified
with centrifugation in a 5415 R centrifuge (Eppendorf, Hamburg, Germany) at 16,000 x g for 5 min at 4

°C. For storage at -80°C, 20 % (v/v) final concentration of glycerol was added.
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3.4.2.3 Activation of Rubisco

To determine activation of Rubisco, algal extract was mixed with 20 mM MgCl, and either 0 or 10
mM NaHCO; at 25 °C for at least 30 min. Reaction rate was determined as described by the K. assay
below (3.4.2.5) with excess NaH*CO; (20 mM) and RuBP (20 MI). 10 pl enzyme was added to initiate

reaction for 1 min.

3.4.2.4 K. assay - Preparation of NaH"CO0;

270 pl of stock NaHCO; (activity 1.924 TBgq.mmol™, Perkin EImer, Waltham, MA) was diluted with
730 pl of 678 mM non radioactive NaHCO; to make working stocks of 500 mM NaH'CO; with activity of

20 Bg/nmol. This was diluted to produce a 100 mM NaH'CO; with an activity of 4 Bq/nmol.

3.4.2.5 K Assay

The assay for K. was conducted in a buffer of 50 mM EPPS, 15 mM MgCl, pH 8.0 that had been
purged with N, overnight to remove all CO, and O,. Carbonic anhydrase (22,500 W-A units/mg, Sigma C-
3934) was added to a final concentration of 1 mg.ml™ prior to use. 2 ml septum sealed vials were purged
with N, and to each vial was added 500 pl of assay buffer, 10 pl of 20 mM RuBP (83895, Sigma, St Louis,
MO, made up in 10 mM HCl) and varying concentrations of NaH'*CO; (see Table 3-3). Reaction mix was
preincubated at 25 °C for 1 min. Reaction was started with the addition of 20 pl algal Rubisco extract
(preincubated with 10 mM unlabelled NaHCO; to activate all the enzyme), mixed and incubated at 25 °C
for exactly 1 min. The reaction was stopped with 500 pl of 10 % v/v formic acid. Unbound NaH*CO; was
evaporated as CO, by heating vials with their lids removed at 80 °C until dry. Organic bound *C was
resuspended in 500 pl H,0 and quantified with the addition of 1.5 mL Ultima Gold Scintillation Fluid
(Perkin Elmer, MA) and disintergrations per minute (dpm) were counted in a Tri-Carb 2810 Liquid

Scintillation counter (Perkin Elmer, MA).
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Table 3-3: Varying concentrations of NaH14CO3 added to K. assay

Stock Rough final

Vial Na H”C03 Concentration concentration
No. ul (mM) (mM)

1 1 100 0.25

2 2 100 0.5

3 5 100 1

4 10 100 2

5 25 100 5

6 10 500 10

7 20 500 20

Controls used were: Blank number 1 = no radioactivity added to the vial to determine the background counts of the
scintillation counter. Blank number 2 = setup for tube 7 but without plant Rubisco extract added (all NaH14C03 added should
be vented as CO,). Total activity = 1 il of 100 mM NaH“CO; added to 0.1 M NaOH (the high pH prevents degassing as CO,
and gives total activity)

3.4.2.6 Calculations and controls

The specific activity (SA) (dpm/nmol) for our stock concentrations of 100 mM and 500 mM NaH*CO,
was determined by counting dpm of 1 pl (100 nmoles for 100 mM and 500 nmoles for 500 mM) in 500 pl
of 0.1 M NaOH. The high pH of NaOH kept the majority of Na'*HCO;™ as H**CO; or **CO;> (Zeebe & Wolf-
Gladrow 2001) and prevented loss of **CO, into the headspace of the vial. The SA of the stocks is used to
calculate the SA for each reaction vial. Each reaction vial had a different SA due to the addition of
different amounts of NaH'CO; to vials with a constant amount of unlabelled NaHCO; from the Rubisco

extract (for carbamylation).

The rate of reaction was calculated as nmoles of bicarbonate fixed (as calculated by dpm reaction —
dpm blank/SA for that vial), per min per pl of reaction. This was converted to nmoles of CO, fixed

assuming a pK of 6.3 and pH of 8.0, described in Equation 3-1 .
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NaHCO; (M) [3-1]

CO, (uM) =
10 (pH - pKa) +1

The rate was then plotted against CO, concentration and a 2 parameter single hyperbola curve was
fitted using least square regression of sigma. K. and V. was calculated where the V. is the theoretical

maximum rate and K. is the CO, concentration (uM) at which half V. is reached.

3.5 Results

3.5.1 Location of residues under positive selection in LSU

Within the LSU, 40 residues have been identified under positive selection. These residues were
detected using the branch-site test for diatoms, haptophytes, and the whole red and chromist lineage.
Residues under positive selection that were detected using the site test were found within a clade of
green algae, Desmidaceae, and the brown macroalgae, Laminariales (see Appendix 3-1 for details on
detection of residues under positive selection). The position of the residues detected under positive
selection within LSU in the primary sequence and the frequency of their detection are shown in Figure 3-
6, compared to results found in land plants by Kapralov & Filatov (2007). Only a few sites were detected
in the red and chromist algae compared to those found in higher plants. Although we investigated fewer

taxa than Kapralov & Filatov (2007), higher plants had amino acids under positive selection that were
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detected repeatedly in different groups, whereas in our study, sites were rarely detected more than
once. From all algal groups tested, 14 of these residues were identified as under positive selection in

more than 1 of these groups or within higher plants (Figure 3-6).

[ Desmidaceae
higher plants
diatoms

haptophytes

red and chromist algae

Laminariales

100 300

5] Residue

200

400

Frequency
&
|

[§]
(]
|
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Figure 3-6: Location of codons identified under positive selection aligned to Spinacia oleracea amino acid sequence, with

posterior probabilities >95% detected with BEB (Yang et al. 2005). Frequency shows the number of times when a particular
site was detected as being under positive selection in trees analysed in Chapter 2 within the red and chromist algae (dark
blue), haptophytes (red), diatoms (green), Desmidaceae (light blue) and Laminariales (brown). This is compared to results

found in higher plants (Kapralov & Filatov 2007) shown in grey.

Figure 3-7 indicates the position of the algal residues that have undergone positive selection in the
LSU. Alongside are marked the secondary structure and residues with some information on their
importance in structure or function. Form 1D Rubisco (G. partita) has an extended amino- and carboxy-
terminal domain compared to Form 1B (S. oleraceae). All of the algal groups studied in this chapter have
Form 1D with the exception of the Desmidaceae, which have a green algal Form 1B. None of the amino
acids detected under positive selection fall within these extended domains. While the residues are

dispersed throughout the entire sequence, in this layout we can discern some regions with clusters of
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residues under positive selecton. This includes amino-terminal regions within BD (residues 101-114) and
oD (residues 151-154). There are also clusters in the carboxy-terminus region at a2 (residues 223-236),
a3-loop 4-B4 (residues 265-279), a6 (residues 356-359), residue 363, BH (residues 374-375) and residues

381-384 and 480.

None of the residues detected under positive selection are located in the active site or loop 6.
However four residues are involved in dimer-dimer interactions; residues 105 and 288 detected within
the red and chromist algae, 156 in the Laminariales and 258 was detected in a previous study of residues
linked to C, photosynthesis (Christin et al. 2008b). Four residues interact with the SSU, these are the
same as those detected involved in dimer-dimer interactions, except instead of residue 105 in the red
and chromist algae, residue 227 was detected in the haptophytes. Residue 101 in Laminariales was also
detected by Christin et al. (2008b) as being linked to C, photosynthesis. Four residues are in positions
that have been manipulated in other species using mutagenesis studies (see Table 3-2 for details). These
include residue 172, 262 and 348 in the red and chromist algae, and 347 within the Laminariales.
Comparisons of the amino acid changes with the functional mutagenesis studies will be made in the

discussion.

It is also important to consider the location of residues within the tertiary structure of Rubisco. To
gain a better understanding of how the location of the residues may influence the structural folding of
Rubisco, we plotted the location of the residues under positive selection in diatoms, haptophytes and
within the red and chromist algae on the tertiary structure of the spinach LSU (Figure 3-8). Once again,
residues under positive selection appear to be scattered throughout the tertiary structure with no
particular clustering in certain domains or near active sites. However, it is difficult to infer possible roles
of these residues just by visualising their location in the tertiary structure. Therefore we determined

other residues within 5 A of sites under positive selection (Table 3-4).
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Figure 3-7: Aligned amino acid structure of LSU from S. oleraceae and G. partita with positive selection residues marked by
coloured ovals beneath sequence from diatoms (green), haptophytes (orange), red and chromist (pink), Desmidaceae (dark
blue) and Laminariales (brown). Residues detected in both algal and higher plants (green) and specifically for C, (light blue)
Secondary structure is marked above the sequence, residues involved in the active site are boxed, sites involved in dimer-
dimer (light brown), intradimer (lime) and SSU (orange) interactions are marked by coloured squares beneath the sequence
all based on S. oleraceae (Kellogg & Juliano 1997). Residues important for function and those with mutagenesis information
in other species are marked beneath sequence by dark brown and grey squares respectively (for details of these residues see
Table 1 and 2 respectively).
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In terms of location in the tertiary structure, residues under positive selection that are of interest
include L57V and L124V in the haptophytes and A172C and H238S in the red and chromist algae as they
are close to active site residues. Also amino acid substitutions, 199V, L144Y, 1156V, F256Y, S257C and
Y287S found in haptophytes and the red and chromist algae are located close to residues found to be

linked to C, photosynthesis in higher plants.

Figure 3-8: 3D tertiary structure of S. oleracea with algal positive selection sites from Figure 3-6 (using same colour scheme)

highlighted. Loop 6 and active site residues are denoted in yellow.

3.5.2 Location of residues under positive selection in SSU

The same study was carried out within the SSU. There is greater sequence divergence in the SSU

sequence, observed by the alignments of SSU from various species (Figure 3-9). Form ID SSU from P.
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tricornutum, E. huxleyi and G. partita all have a shorter amino-terminus and a shorter BA-BB barrel than
the Form 1B found in higher plants (S. oleracea) and green algae (C. reinhardtii). Form 1D also has an
extra BE-BF loop which is missing from both the land plants (S. oleracea) and green algae (C. reinhardtii),

though C. reinhardtii does have an extended carboxy-terminal domain.

Only six residues were identified under positive selection in the SSU: three in haptophytes (7, 71 and
93), two in diatoms (26, 88) and one in Laminariales (121) (Figure 3-9). These are spread throughout the
length of the sequence. Residue 88 from diatoms and 93 from the haptophytes were found within the
BC-BD loop, which is thought to be involved in packaging the Rubisco enzyme (Spreitzer 2003). Residue
7, detected in haptophytes as under positive selection, has been studied by mutagenesis in
Synechococcus PCC6301 (see discussion). The rest of the residues fall within areas of unknown function.
Even when the location of these residues within the tertiary structure is considered, there are no sites

with known function found within 5A (Table 3-4).

3.5.3 Amino Acid Subsitutions

Many of the residues detected under positive selection in the red and chromist algae are located in
areas of unknown function. Therefore, in an attempt to infer how these amino acid substitutions played
a role in adaptation of Rubisco, the change of amino acid class was noted along with calculating the
change in amino acid properties of polarity, hydrophobicity and Van der Waals volume (Table 3-4). Only
about half the amino acid substitutions resulted in a change of class (Table 3-4, last column) in LSU
whereas almost all amino acid substitutions in SSU did result in a class change. The extent of change in
polarity, hydrophobicity or Van der Waals volume that would exert an effect on protein function is

dependent on the interactions of that amino acid, or its neighbouring amino acids, and the role of these
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Figure 3-9: Aligned amino acid structure of SSU from P. tricornutum, E. huxleyi, G. partita, S. oleraceae and C. reinhardtii with
positive selection residues marked by coloured ovals beneath sequence from diatoms (green), haptophytes (orange) and
Laminariales (brown). Secondary structure is marked above the sequence and beneath the sequence are marked residues
conserved in 95 % of all species (*) or those most divergent between green and red SSU (7) (Spreitzer 2003). Sites with
mutagenesis information in other species are marked beneath sequence by grey squares (for details of these residues see
Table 2 and those important for function see Table 1 respectively).
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Table 3-4: Summary of amino acid changes at residues evolving under positive selection

LARGE SUBUNIT
R | RT 5 L] D BlK|G 5A C VW] P H
42 | 51 [strand B 41,43, 44/@9, @, 133, o>l | 38| 06 | -13] nesHa
B4, 55, 56, 58, 59| 60] 61,
57 | 66 |Helx B 124 LV 19 | 1 | -04| HA>HA
2 [ 1 90,91,93 5>G 0 [ 02 [oa ]| nasma
96 | 105 |not ident 1 41,42, 43 90,93, 55 @9 T>Q [ 21| 19 | 28 | NeonP
97 | 106 1 42 5, 67, 88, 89,96, 98 FY 0 1 [41] ha->ha
99 | 108 [Strand D 1 38, 39, 40, 86, 98, 100,609, >V 19 | 07 | 03 | HA>HA
101 [ 110 1 36,37, 38, 83, 85, 100, 103 v, 27 [ 07 [ 03| Hasma
103, 104,106, 107, 108, 34,
105 | 114 1 35 F>C 38| 03] 2 | HA>NP
124 [ 133 123] 125, 126, 127 LV 19 | 1 | -04] Ha>HA
132 [ 141 1 130,131,133, 43, 306, 307 KA 68 | 32 | 57| b->HA
141 @42, 1143, @5, 1146, 147,
144 | 153 |Helix D 1 148 L>Y 17 | -13 | 51 | HA->ha
153 | 162 151, 152, 286, 324, 372, T->C 7 [ 31 [ 32 neone
155, {88 1157, [160, ssu108,
156 | 165 1 ssu109, ssulil: neighlsu! IV 27 07 03 HA -> HA
172 | 181 1 171 174,199,200[2071 | A>C [ -19 | 26 [ -07 | HA->NP
207, 208, 213, 215, 217, 216,
214 | 223 |Helx 2 1 253, y>W | 22| 08 | 04| ha>ha
221 | 230 |Helx 2 1 1 217, 218, 220, 2224888 240 | S>G/S>V |264-32(0.2/ 3.3] -0.4/5 [P > uniqueiHt
193 @8 222, 223, 224, 276,
225 | 234 1 |227,228, 229, 236 s.1CT NP, HA, NP, NF
[R2B) 223, 224) 226, 228,
227 | 236 |Helix 2 190, E>T 16 | 37 | 28| a>NP
238 | 247 1 237, 239, 240, 264)200]201 H>S 45 | 12 | 24 ?
247 | 256 1 245, 246, 248, 249, 250 M, | 2 | 05 [-26] NPHA
256 | 265 |Helx 3 1 259, 260, 215, F->Y 5 | -1 | a1 ha->ha
218, 253, 254, 255,256,258,
257 | 266 1 259, 260 s>¢ | 13| 37 | -33| wpone
226, 240,@8P, 260, 261,
262 | 271 12 1 263, 264 T->8 20 | -06 | 01 | NP>NP
265 | 274 |Strand4 | 6 1 239, 240, 264, 266 C>VIC>! F19-38-040.3)-1.7-2] NP>HA
|@8B: 266, 268, 241 243,291,
267 | 276 1 292, 293 v, 27 | o7 |03 | HA>mA
287 | 296 1 233@ v>5 | 68 | 3 | -05] ha>Np
264 @8P, 269, 290/7153,
288 | 297 1 59(n), 215(n) D->S 18 | 38 | 27| a>np
319, 345, 346 @B 350, 349,
347 | 356 1 T.8 23 | 06 | 01| NeNP
319, 344, 345,346, 347, 349,
348 | 357 1 350, 354 =Y 19 | 07 | 03 | HAHA
319, 346, 347, @A) 349, 350,
350 | 359 |Helix 6 1 351, 374, R>L 24 | 56 | 83| boHA
354 | 363 [Strand G | 4 1 353 @8, 355 L>T 31 | 37 | 45 | HA>NP
359 | 366 1 357, 358, 360, 361, 475 = 15 | 21 | 58 [ unige-> HA
353 @8, 355, 356, 364, @D,
365 | 374 1 A>E | -42 | 42 | 53 | HA=a
366 | 375 |StrandH | 1 3 364, @8B, 367 a>m | -10 | 48 | 54| weonp
32 | 381 1 370, 371,373, 319, 151 R>A 81 | 24 | 63| b>Ha
373 | 382 2 155, 319,349/350 @ 374 | k>R | 13 | 08 | 06 b->b
375 | 384 [Strand 7 | 19 1 374, 376, 399, 155, 158 voMm [ 18] 02 [ 23| HaoNe
382, 383, 385, 386, 402, 420,

384 | 393 1 462 C>A 19 | 26 | 07 | NP>HA
470 | 480 19 468, 469, 470, 471, A>T | 26 05 | -38] HA>NP
511] na 1 too long Y 70 [ 4 [53] wneHA

SMALL SUBUNIT
7 14 6,8 A>C 6 | 26 | 07| HA>NP
26 | 33 |helix 1 23,25,27,28,29,30,115 | A->C 6 | 26 |07 ] HA>NP
71 | 9% 69, 70, 72 A>C 6 | 26 | 07| HA>NP
88 | 112 |helix 1 84, 85, 86, 87, 89, 90, 91 s>A | 19| 11 | 26 | NP>HA
93 | 118 |helix 89, 90, 91, 92, 93, 94, 95 5->8 0 0 0 | NP>
121 [ 130 1 119, 120, 122, 123 D.N.(Q JoEshaor] o | anene

R (residue number aligned to S. oleraceae), RT (residue number aligned to Figure 3-7 and 3-9), S (secondary structure), sites
under positive selection in higher plants (L), diatoms (D), haptophytes (H), red and chromist algae (B), Laminariales (K),
Desmidaceae (G). 5A (residues within 5A, where n indicates a neighbouring LSU), C (amino acid change) and the resultant
changes in properties in VW (Van der waals forces), P (polarity), H (hydropathicity) and class of amino acid where NP (neutral
polar side chains), HA (hydrophobic aliphatic), ha (hydrophobic aromatic), a (acidic) and b (basic). Highlighted cells are those

where changes in amino acid properties appear the largest.
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residues in protein function. Therefore knowledge of the change in properties alone is not enough to
determine a functional response. However, it can be inferred that the larger the change in properties,
the more likely it will exert some effect. All the substitutions with the largest shifts in these properties
occurred in the LSU. Amino acid substitutions K132A, Y287S, R372A (red and chromist) and S511lI
(Laminariales) had the largest shifts in Van der Waals volume (Table 3-4). Amino acid substitutions with
the biggest shift in polarity are Q366M, A365E (red and chromist), R350L (diatom) and S511l
(Laminariales). Amino acid substitutions with the biggest shift in hydrophobicity are K132A, P359V,
Q366M, R372A (red and chromist), L144Y and A365E (red and chromist and haptophytes), R350L
(diatom) and S511M (Laminariales). While the change in amino acid properties from substitutions within
the SSU were small compared to LSU, many of the substitutions involved cysteine residues which are

known to be important for signalling (Moreno et al. 2008).

From information on the amino acid substitutions alone, it is impossible to infer how they influence
protein function. By combining information on amino acid substitutions with knowledge of kinetic
properties, we may get a better understanding on how protein structure influences kinetics. Therefore,
this study has investigated the activation of haptophyte Rubisco and calculated their affinity for CO,, as

measured by K..

3.5.4 Activation of Haptophyta Rubisco extracts

Before measuring K. in haptophyte Rubisco, it was crudely ascertained whether haptophyte Rubisco
was carbamylated by the same in vitro methods used for land plants. Rubisco extracts from P. carteri, P.
lutheri and two strains of E. huxleyi all show no increase in activity after being incubated with 10 mM

NaHCO;, in the presence of 20 mM MgCl,, compared to a fivefold increase in activity of tobacco
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(Nicotiania tabacum). There was no increase in activity for P. carteri, P. lutheri andE. huxleyi (Figure 3-

10). These experiments were only done once and replication is needed to be confident of results.
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Figure 3-10: Fold activation of Rubisco after incubation with 10 mM NaHCO; in the presence of 20 mM MgCl,. Results from a

single experiment.

3.5.5 Affinity for CO: in Haptophyta

We measured the K. of Rubisco extracted from two strains of E. huxleyi, two strains of P. lutheri and
one strain each of P. tricornutum, P. carterae and P. placolithoides (Figure 3-11). The K. for E. huxleyi (39
+ 4 UM CO, for CS-812 and 48 + 6 UM CO, for CS-813) is significantly higher (i.e. lower affinity for CO,)
than all the other haptophyte strains and is closer in value to that found in C. reinhardtii, C, plants and
diatoms (including our P. tricornutum which gave a K. value of 28 + 3 UM CO,) (Figure 3-11). The K, for P.
carterae (14 + 2 UM CO,), P. placolithoides (11 + 3 uM CO,) and P. lutheri (10 + 2 UM CO, and 11 + 2 pM
CO, for PCC 75 and CS-182 respectively) are closer to that found in C; plants. Tobacco extracts were
used as a control and show a K. of 13.74 + 1.52 uM CO, which is similar to published results (Tcherkez et

al. 2006).

Chapter 4: Carbon acquisition by phytoplankton Page 102



Jodi Young Thesis 2011

60 -
50
~N
40 -
S
=
= 30
4
20
N . - - i l
0 | | | 1 T 1 |
Pleurochrysis  Pleurochrysis Pavlova Pavlova Emiliania Emiliania Phaeodactylum  Nicotiana
carterae placolithoides lutheri lutheri huxleyi huxleyi tricornutum tabacum
CS-40 RCC1401 CS-182 PCC75 C5-812 C5-813 PCC670

Figure 3-11: K. measurements from this study. Result of 3 replicates with standard deviation shown.

3.6 Discussion

3.6.1 Speculation on the role of residues under positive selection in LSU

It is not surprising that none of the residues under positive selection were located within the active
site. These residues are essential for function and it is likely that replacement at these sites would inhibit
catalytic activity. It is known that Form IV Rubisco is incapable of catalysing RuBP-dependent CO,
fixation due to key substitutions in some of these active site residues (Hanson & Tabita 2001). We
expect residues under positive selection would be found in locations that, while not essential for
function, may influence the structural conformation that would consequently exert a slight effect on the
protein, adjusting kinetic parameters. While many of these residues are not located at sites known to be

involved in dimer-dimer, intradimer or LSU-SSU interactions, they are often located adjacent to these
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residues in the primary structure (Figure 3-7 and 3-9) or close (less than 5 A) within the tertiary
structure (Table 3-4). In this study “close” in tertiary structure is set as being within 5 A. This distance is
arbitrary, 5 A was chosen for this study as Kapralov & Filatov (2007) chose it also for their study of
positive selection within higher plants. It is not well understood how close amino acids have to be in
order to exert an effect. It is possible for mutations far away in tertiary structure still to influence each
other. For example, the A222T mutation in C. reinhardtii can restore the L290F mutation even though it
is over 20 A away (Spreitzer & Salvucci 2002). It is possible the residues under positive selection could
influence residues of a known function. However, without mutagenesis studies it is impossible to

determine the specific role of the amino acid substitutions detected under positive selection.

There are some residues detected under positive selection which are in domains of known function
or have undergone mutagenesis studies in other species. From these we are able to speculate their
function. LSU residues 156 in Laminariales and 288 in the red and chromist algae appear to be important
for subunit interaction, (dimer- dimer and with SSU, Figure 3-7). These could be targets for future study
as they appear to be at positions important for holoenzyme assembly. The amino acid substitution that
occurred at these residues does not seem to have largely different properties (see change in
hydrophobicity, polarity and Van der Waals volume Table 3-4). This is not necessarily surprising. One
would expect the closer a residue is to an important structural motif, the smaller the change in amino
acid properties would be required to exert an effect. From looking at the distribution of residues in
terms of the proximity to residues of known function (Table 3-4, 5 A column) and comparing to the
substitution with the largest changes in properties (Table3-4, coloured yellow in the VW, H and P
column) it appears the substitutions with the largest changes in properties seem to have the least

number of important residues within 5 A.
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There are four residues identified by positive selection that have also been the target for
mutagenesis studies. Of course these mutagenesis studies have been done in algae with Form 1B
Rubisco, and many involve different amino acid substitutions than the ones found in this study.

Nonetheless, they present an opportunity to gain insight into the role of these amino acids.

Residue 172 was detected under positive selection within the red and chromist algae. It is located
within Loop 1, next to active site residues 173 and 175 which form hydrogen bonds with the substrate
(Kellogg & Juliano 1997). In Form 1B Rubisco it is commonly a cysteine. Cysteine residues can be reduced
by thioredoxins under oxidative stress and are often used to alter protein activity (Moreno et al. 2008)
and C172 in spinach was identified as being involved in inactivation of Rubisco during oxidative stress
(Schloss et al. 1978). During oxidative stress, Rubisco undergoes modification which facilitate fast and
selective degradation (Albuquerque et al. 2001). Mutational studies in C. reinhardtii and Synechocystis
sp. found when this cysteine is replaced with a serine or alanine (C172S or C172A) the enzyme displays
increased stability under oxidative stress (Marcus et al. 2003, Moreno et al. 2008, Moreno & Spreitzer
1999). Within the red algae and chromists, the amino acid at 172 is almost always alanine (A172) and
only some of the extremophile red algae, Cyanidiales, possess C172. These extremeophiles diverged
early from the other red algae around 1.5 Ga. It is likely that positive selection at this residue in the red

and chromist algae plays a role in degradation of Rubisco during oxidative stress.

Residue 262 was also indentified under positive selection in the red algae. The same residue was
highlighted in mutagenesis studies in C. reinhardtii. Within C. reinhardtii, substituting valine for a leucine
(V262L) was able to restore full function of Rubisco L290F mutants (Du & Spreitzer 2000). L290F is a
temperature sensitive mutant with increased degradation at 35 °C but also displays a higher K. and
lower Q even when grown at 25 °C (Du & Spreitzer 2000, Yu et al. 2005). The V262L substitution can

restore Q and increase thermal stability of the enzyme despite being over 6 A away from L290F. While
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they are situated far away from each other in tertiary structure, both residues are thought to be in
contact with the BA — BB loop in the SSU. Within the red algae, this residue is predominately serine with
only a few red algae possessing a threonine. While these are different amino acids to the ones found in
Form 1B Rubisco, the sequence of the BA — BB loop in the SSU of Form 1D Rubiscos is also very different

to Form 1B. It could be that residue 262 plays a role with SSU in the assembly of the holoenzyme.

Finally residue 347 detected within Laminariales, and 348 detected within the red and chromist
algae fall within the a6 helix. Not only is the a6 helix positioned at one end of Loop 6 which is essential
for function, it is also one of the most highly divergent sections of sequence between Form 1D and 1B
Rubisco (Ramage et al. 1998). Therefore a6 helix was the focus of mutagenesis studies in Synechococcus
PCC6301. While other sections of a6 could be substituted with a Form 1D sequence and still show
activity (though at different levels) the replacement of residues 346 — 348 from the Form 1B VDL to the
Form 1D YNT completely inhibited enzyme formation (Ramage et al. 1998). While Ramage et al. (1998)
used the sequence YNT as the representative 1D s