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Abstract 
 

Exploring the Role of LHC Protein Structure and Function in the Evolution of NPQ Mechanisms 
in Eukaryotic Photosynthetic Organisms 

 
by  
 

Erika Marie Erickson 
 

Doctor of Philosophy in Plant Biology 
 

University of California, Berkeley 
 

Professor Krishna K. Niyogi, Chair 
 
 

The initial step of photosynthesis occurs when light energy is absorbed by an array of 
pigments surrounding the photosynthetic reaction center. Chlorophyll and carotenoid molecules are 
coordinated by members of a family of intrinsic thylakoid membrane proteins known as Light-
Harvesting Complex (LHC) proteins. LHCs are essential for stabilizing and tuning the spectroscopic 
characteristics of each individual pigment, as well as the pigment array, to allow for efficient energy 
transfer. Despite a high degree of sequence conservation within the protein family, each of the LHCs 
performs a different role in modulating the energy landscape of the thylakoid membrane. Two stress 
response LHC proteins, LHCSR and PSBS, are known to be essential for non-photochemical 
quenching in some photosynthetic eukaryotes. It has been shown that LHCSR is necessary for 
quenching in the green alga Chlamydomonas reinhardtii. Homologs of this stress-response protein are 
present in many photosynthetic eukaryotes, even those with chloroplasts that are of a red algal 
origin, but LHCSR is absent from terrestrial vascular plants. Likewise, PSBS is necessary for 
quenching in the plant Arabidopsis thaliana, but PSBS is only found in the green lineage of 
photosynthetic organisms. The molecular mechanism of both of these proteins is still unknown. 

This work describes the relationship between protein structure and quenching function in 
the stress response protein LHCSR. I show the distinct contributions to non-photochemical 
quenching from each of the two LHCSR protein isoforms, LHCSR1 and LHCSR3, in C. 
reinhardtii. I also contributed to the identification of three lumen-exposed residues in LHCSR3 that 
are required for quenching function. By using directed mutagenesis and expression in heterologous 
and native organisms, this shows that while LHCSR is necessary for nearly all non-photochemical 
quenching in its native cellular environment within C. reinhardtii, it is not sufficient to activate 
quenching in plants when expressed heterlogously. By altering some of the pigment-binding sites 
within LHCSR3, however, the heterologously expressed mutant LHCSR3 can activate additional 
quenching in a plant system. 

This also explores possible roles of the PSBS protein from C. reinhardtii, which has not 
previously been shown to have a function. Here, I present data showing that the algal PSBS protein 
can enhance non-photochemical quenching when expressed heterologously in plants. Since we do 
not see the same behavior in the alga, if PSBS is expressed in C. reinhardtii it most likely plays a 
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different role or is not sufficient to induce quenching alone. Heterologous co-expression of both 
LHCSR and PSBS from C. reinhardtii results in enhanced quenching in the tobacco, Nicotiana 
benthamiana. The enhanced quenching phenotype is dependent upon PSBS being pH-sensitive. 
While no evidence has yet been obtained showing an interaction between PSBS and LHCSR in C. 
reinhardtii, this motivates further exploration. 

In order to better understand the evolution of photoprotective mechanisms employed by 
photosynthetic eukaryotes, I have also contributed to a genome annotation project aimed at 
establishing the marine heterokont alga, Nannochloropsis oceanica CCMP 1779, as a new model alga 
for studying photosynthesis. I identified three potential stress-response LHCs in the organism’s 
genome based on sequence homology, whose functionality and expression characteristics are being 
investigated by other researchers. 
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Chapter 1 

Light stress and photoprotection in 
eukaryotic photosynthetic organisms 

 
 
1.1 Light stress  
 

For photosynthetic organisms, absorption of sunlight is required for growth, but too much 
light can be harmful. Natural environments exhibit a dynamic range of light conditions, from very 
high intensities in full sunlight (~2,000 µmol photons m-2 s-1) to heavily shaded conditions with little 
available light, and these conditions can fluctuate rapidly on a time scale of seconds, or over longer 
diurnal and seasonal time scales. In limiting light conditions, the rate of light absorption is well 
matched with the rate of photosynthesis (Figure 1.1), contributing to maximal photosynthetic 
efficiency (Björkman and Demmig, 1987). As light intensity increases, the rate of photosynthesis 
becomes saturated, but light in excess of what is required for the maximum photosynthetic rate 
(Pmax) is still absorbed (Figure 1.1). If the organism cannot manage this over-excitation, it can lead to 
the production of biologically damaging chemical intermediates and byproducts that cause photo-
oxidative damage to the two photosynthetic reaction centers, photosystem (PS) II and PSI, or to 
other proteins, lipids, and nucleic acids in the cell (Niyogi, 1999). Thus, absorption of excess light 
can result in photoinhibition, defined as a decrease in the maximum efficiency and/or rate of 
photosynthesis (Kok, 1956; Long et al., 1994).  

The most common reactive byproducts of photosynthesis that are formed in aerobic 
environments are reactive oxygen species (ROS), which include radical molecules such as superoxide 
(O2

·-) and the hydroxyl radical (OH·), and the non-radicals hydrogen peroxide (H2O2), and singlet 
oxygen (1O2). ROS are products of over-reduction of the photosynthetic electron transport chain 
and can cause cellular damage, but they also function as important signals in development and 
disease (Suzuki et al., 2012). The chloroplast contains a high concentration of chlorophyll (Chl), 
which can act as a photosensitizer of molecular oxygen, forming 1O2 through energy transfer 
(Krieger-Liszkay, 2005). When a Chl molecule enters the excited state upon photon absorption, it is 
in the short-lived singlet excited state (1Chl*). The 1Chl* can return to the ground state by 
transferring its excitation energy to another pigment, releasing the energy as fluorescence, or 
dissipating the energy as heat. The longer the excitation of 1Chl* lasts, which increases under 
saturating light conditions, the greater the chance that the molecule will enter the triplet excited state 
(3Chl*) via intersystem crossing. 3Chl* has a longer excitation lifetime and can transfer energy to the 
ground state of O2. The excited state molecule 1O2 is generated predominantly at the reaction center 
of PSII and, to a lesser extent, in the light-harvesting complexes (LHCs) (Krieger-Liszkay, 2005), 
and it is the main ROS responsible for photo-oxidative damage in plants (Triantaphylides et al., 
2008). In contrast, H2O2, O2

·-, and OH· are formed mainly on the acceptor side of PSI by direct 
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electron transfer to O2 by the PSI reaction center or by NADPH and ferredoxin (Tjus et al., 2001; 
Asada, 2006).  

 
 

 
Figure 1.1 
The rate of l ight absorption exceeds the rate of photosynthesis in high light 
At low intensities of photosynthetically active radiation, the rate of light absorption is limiting and photosynthetic 
efficiency is at a maximum. As light levels increase, photosynthetic capacity becomes saturated, reaching a maximum 
photosynthetic rate (Pmax), but light absorption continues to rise beyond a level the cell can use for carbon fixation, 
resulting in excess light absorption. Under extreme light stress damage may occur, lowering Pmax. [Image from Erickson et 
al., 2015.] 
 
1.1.1 Chlamydomonas reinhardtii  

Stress response and light avoidance mechanisms used by the model organism Chlamydomonas 
reinhardtii enable this biflagellate, unicellular green alga to dynamically regulate photosynthesis in 
different and fluctuating light environments in order to minimize stress caused by excess light. C. 
reinhardtii has numerous attributes that make it ideal for studying responses to excess light. It is 
easily grown in liquid culture or on agar medium under a variety of controlled environmental 
conditions, enabling the study of changes in cellular biochemistry and gene expression in a uniform 
population of cells. This provides an advantage over vascular plants, in which leaves are composed of 
multiple cell types and layers that can exhibit different photoacclimation responses (Nishio et al., 
1994). C. reinhardtii can be easily grown and uniformly exposed to different light intensities in the 
laboratory, allowing the investigator to obtain large amounts of homogeneous experimental material. 
Each C. reinhardtii cell contains a single chloroplast, and the photosynthetic apparatus of this alga is 
very similar to that of vascular plants. However, photosynthesis is dispensable for the growth of C. 
reinhardtii, which facilitates the isolation and analysis of mutants that are sensitive to light due to 
defects in photoprotection.  
 
1.1.2 Arabidopsis  thaliana  
 Arabidopsis thaliana is widely viewed as the model plant species due to its genetic tractability 
and relatively short life cycle of about six weeks. The relatively small genome of 120 Mb does not 
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have the complexity of polyploidy like many economically important crop species, and a large 
mutant collection of gene knock-outs is available as a resource to the research community. While 
many photoprotective mechanisms employed by A. thaliana are similar to C. reinhardtii, plants are 
sessile, multicellular organisms with many complex tissues that change dynamically over the 
organism’s life cycle. From seedling to the production of seeds, developmental processes in the 
organism are intrinsically linked to the plant’s ability to harness and utilize light energy. A. thaliana 
cannot grow heterotrophically beyond the seedling stage, which allows for the identification of genes 
that are essential for proper photosynthetic function. 
 
1.1.3 Light stress in evolutionarily distant photosynthetic eukaryotes 

The majority of the research done to characterize mechanisms of photoprotection has been 
accomplished by studying mutants isolated from C. reinhardtii and A. thaliana, however many other 
eukaryotic and prokaryotic photosynthetic organisms also have mechanisms for dissipating excess 
light energy (Goss and Lepetit, 2015). One example amongst the less-well studied eukaryotic 
photosynthetic organisms includes the eustigmatophyte Nannochloropsis oceanica, which is a 
chromalveolate alga whose chloroplast is of red algal origin. Nannochloropsis not only has a very 
different physiology when compared to C. reinhardtii and A. thaliana, but also contains a variety of 
different carotenoids and proteins involved in light harvesting and photoprotection (Brown, 1987; 
Vieler et al., 2012b). Development of techniques to study novel organisms reveals a rich biodiversity 
of cellular processes and metabolisms, presenting an opportunity to discover new mechanisms of 
photoprotection, along with the potentially novel genes involved in these mechanisms. 
Advancements in sequencing have made it cheaper, faster, and more accessible to generate genomic 
information, from which gene predictions can be made. Basic biological tools to study gene function 
in emerging model organisms, however, are still in the developmental phase, but are vitally necessary 
to fully characterize newly identified genes of interest.  
 
 
1.2 Photoprotection 
 

Photosynthetic organisms have evolved multiple mechanisms to cope with light stress in 
order to avoid, minimize or repair potential damage caused by excess light. C. reinhardtii and A. 
thaliana cells can sense and respond to fluctuations in light level that occur over a range of time 
scales, including short-term stress events and long-term physiological acclimation to high light 
(Figure 1.2). Upon exposure to excess light in nature, one of C. reinhardtii’s first avoidance 
mechanisms is to move away from high intensities by negative phototaxis. Terrestrial plants like A. 
thaliana, however, are sessile and cannot move quickly away from high light intensities. Plants can 
employ strategies to minimize absorption through the leaves, however, by changing the leaf angle to 
reduce incident light at mid-day when light intensity is the highest, or by modifying the thickness 
and/or width of the leaves over long acclimation periods. Also, because plant cells have multiple 
chloroplasts per cell, unlike C. reinhardtii, chloroplasts can quickly change position within the cell to 
help mitigate excess light exposure. When high light cannot be avoided, on short time scales these 
organisms can dynamically regulate light harvesting at the organellar level by rearranging the light-
harvesting antenna, altering electron transport, and thermally dissipating excess absorption in order 
to balance excitation with the cell’s capacity to use the light energy. Over longer time scales of 
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exposure to excess light, repair mechanisms mediate PSII turnover to maintain photosynthetic 
capacity, and changes in gene expression occur to help the cell acclimate to high light, while 
accumulation of antioxidants helps to eliminate ROS in the chloroplast. Once generated, some ROS 
are scavenged by enzymes such as superoxide dismutase (SOD), ascorbate peroxidase (APX), and 
catalase (CAT), whereas 1O2 is efficiently quenched, and also sensed and signaled to the nucleus to 
turn on defense mechanisms to minimize its deleterious effects. 

 

 
Figure 1.2 
Time scales of long term and short term photoprotective responses in C. 
reinhardtii  
Non-photochemical quenching processes (qE, qT, qZ, and qI) are shown in green. Changes in protein activity (such as 
the initiation of phototaxis or kinase activation) or protein expression (including degradation and synthesis of proteins, 
the PSII repair cycle, and regulation of light harvesting antenna and photosystem stoichiometry) are shown in orange. 
Transcriptional responses, like the up-regulation of high-light induced and stress-response genes and down-regulation of 
LHCB genes, are shown in red. Changes in the chloroplast energetic state are shown in blue, and changes in pigment 
properties or accumulation are shown in purple. [Image from Erickson et al., 2015.] 
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1.2.1 Avoiding excess l ight absorption 
 
Phototaxis 

As a biflagellate, motile cell, C. reinhardtii can move towards light in limiting conditions, or 
avoid light in excess conditions by moving away from the undesirable light intensity (Witman, 
1993). C. reinhardtii has the ability to sense the quantity and quality of photon flux using a number 
of photoreceptors, including two retinal-containing, light-gated ion channel proteins called 
channelrhodopsins (Berthold et al., 2008). These channelrhodopsin proteins, known as CHR1 and 
CHR2 in C. reinhardtii, which are homologous to archaeal rhodopsins (Nagel et al., 2002; 
Sineshchekov et al., 2002; Nagel et al., 2003), are localized near the eyespot apparatus (Suzuki et al., 
2003) and mediate signal transduction from the eyespot to the flagella of the green alga. Ion 
translocation by the channelrhodopsins depolarizes the membrane, triggering an action potential 
that leads to either an abrupt short-term change in swimming direction to back away from high light 
intensity – known as a photophobic response – or a negative phototactic response that looks like 
smooth swimming away from the high light intensity (Hegemann and Bruck, 1989; Holland et al., 
1997; Govorunova et al., 2004). CHR1 and CHR2 activate fast and slow photoreceptors current at 
high and low light intensities, respectively (Govorunova et al., 2004). CHR1 is selective for H+ and 
is believed to contribute most dominantly to photophobic responses, while both channelrhodopsins 
likely play a role in responding to environmental light fluctuations (Berthold et al., 2008). The 
direction of phototaxis in C. reinhardtii is regulated by the redox poise of the cytoplasm, allowing 
the cell a homeostatic negative-feedback mechanism for maintaining a slightly reducing environment 
in the cytoplasm so as to avoid oxidative damage in the cell via modulation of photosynthetic activity 
(Wakabayashi et al., 2011).  
 
Phototropism 
 Phototropins, comprised of the PHOT1 and PHOT2 proteins, are blue light receptors that 
direct growth stimulus in response to light (phototropism), chloroplast movement within the cell, 
and stomatal opening in A. thaliana (Briggs & Christie, 2002; Lin, 2002). These responses are 
mediated by Ca2+ influx to the cytosol, and each receptor responds under different light conditions 
(Harada et al., 2003; Sakai & Haga, 2012). These receptors are important for photoprotection 
because they mediate chloroplast movement in the cell. When irradiance levels are too high, the 
chloroplasts will cluster against the cell wall to shade themselves, lowering the capacity to absorb 
excitation (Dall’Osto et al., 2014). This physical event can happen very quickly, in a matter of 
minutes, during the fluorescence measurements, and leads to a slowly relaxing fluorescence signature 
present in both the Columbia-0 wild type plants and the npq4-1 mutants. This was titled qM 
(Dall’Osto et al., 2014), for movement-based quenching of fluorescence, but it is not a 
photophysical component of photoprotection – an avenue for de-excitation – so not a true 
quenching component. When the phot2 mutant was crossed with npq4-1, the resulting double 
mutant no longer exhibits this slowly relaxing quenching that results from the shading of 
chloroplasts within the cells (Dall’Osto, et al., 2014). 
 
Reducing light absorption by decreasing l ight-harvesting antenna size 

The sizes of Chl-containing antennae are dynamically regulated in response to the amount of 
light in the growth environment (Smith et al., 1990; Melis, 1991). The relationship between 



6 

antenna size and environmental light levels requires a balance between competing for light and 
minimizing damage. It has been proposed that increasing the number of pigments in the peripheral 
antenna might confer a competitive advantage to organisms living in environments where light levels 
can at times be limiting (Kirk, 1994), effectively shading competitors to prevent growth. Increasing 
the number of pigments in the peripheral antenna, however, also increases the likelihood of ROS 
formation. By instead reducing the absorption cross-section in high light, there is less excitation of 
Chl molecules to act as photosensitizers of 1O2 formation.  

The genes involved in forming the photosynthetic reaction centers and antennae are encoded 
in both the nucleus and chloroplast, necessitating coordinated expression of two genomes and a 
mechanism for sensing and signaling environmental changes to expression machinery in both cellular 
compartments to control photoacclimatory changes in the cell. Studying the pathway(s) by which 
photosynthetic events in the chloroplast are communicated to the nucleus and vice-versa is an area of 
active research (Barkan & Goldschmidt-Clermont, 2000; Nott et al., 2006; Stern et al., 2010; Chi et 
al., 2013). Work in the field thus far has shown evidence that regulation of C. reinhardtii reaction 
centers and LHC antenna systems takes place on the transcriptional (Teramoto et al., 2002; 
Durnford et al., 2003) and the post-transcriptional (Durnford et al., 2003; McKim and Durnford, 
2006) levels in response to changing light environments.  

Experimental results show that C. reinhardtii cells grown in high light have a faster growth 
rate and higher biomass production when compared to lower light growth conditions (Melis et al., 
1996; Bonente et al., 2012) and that cells acclimated to high light have much lower Chl content per 
cell (~50%) than those grown in low light (Neale and Melis, 1986; Durnford et al., 2003; Bonente 
et al., 2012). In fact, upon a shift from low light to high light, C. reinhardtii cells have been observed 
to halve their Chl content within 6 hours (Shapira et al., 1997). Carotenoids in the xanthophyll 
cycle - violaxanthin, antheraxanthin, and zeaxanthin - as well as lutein are increased up to 2-fold per 
Chl molecule in high-light-grown cells (Niyogi et al., 1997b; Baroli et al., 2003, Bonente et al., 
2012). The dramatic reduction in Chl most likely reflects changes in expression of Chl-binding 
proteins as well, which has led to work aimed at understanding how the reaction center and LHC 
genes respond at the transcriptional and post-transcriptional levels under these conditions. The ratio 
of Chl a to Chl b, however, does not change with the changing light levels (Bonente et al., 2012). 
Since both LHCI and LHCII antenna proteins contain Chl a and Chl b, whereas the reaction 
centers only contain Chl a, this suggests that the number of LHC proteins containing Chl b remains 
proportional to the number of reaction centers. Because the ratio of Chl a to Chl b is maintained 
under different light conditions, Bonente et al. (2012) propose that the antenna sizes are not 
changing, and the decrease in Chl is due to a reduction in PS number. It has also been observed, 
however, that the Chl content of the PSII antenna in high-light-grown cells is reduced by 
approximately 25-40% when compared to low-light-grown cells, whereas the PSI antenna is 
decreased by greater than 50%, leading to the hypothesis that the decrease of Chl is due to the 
reduction of both PSI reaction center number and antenna size (Neale and Melis, 1986; Melis et al., 
1996; Durnford et al., 2003). The regulation of antenna and reaction center in response to light 
stress that is seen in C. reinhardtii is different from the response seen in the plant Arabidopsis 
thaliana. Upon a shift from low light to high light, A. thaliana LHCII major antenna proteins are 
strongly downregulated, decreasing the size of the PSII antenna (Ballottari et al., 2007). The size of 
the A. thaliana PSI antenna relative to the core complex remains constant, however, and the 
function of PSI seems to be modulated by changing the ratio of PSI to PSII and the association of 
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LHCII antenna with PSI (Ballottari et al., 2007). These changes in antenna and reaction center 
levels in response to high light in plants are also thought to be regulated predominately at the post-
transcriptional level (Floris et al., 2013).  

In C. reinhardtii, transient, coordinated transcriptional repression of the genes encoding the 
major PSII-associated LHC antenna proteins, LHCBM1-9, as well as the minor antenna proteins, 
LHCB4, 5, and 7 (Elrad & Grossman, 2004), is seen for the first 1-2 hours after a shift from low-
light growth to high-light growth, or even in low-light growth when the concentration of CO2 is 
limiting (Teramoto et al., 2002; Durnford et al., 2003). After 6-8 hours of high light exposure, 
however, transcript levels of all these genes are restored to previous (low light) levels (Durnford et al., 
2003). Addition of the electron transport inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea 
(DCMU) partially blocked the high-light-mediated decrease in LHC mRNA levels, indicating that 
transcriptional regulation of the major and minor LHC genes is also at least partially controlled by 
the redox state of the plastoquinone pool (Teramoto et al., 2002), which has been described in 
plants as well (Frigerio et al., 2007). While transcript levels are being repressed in the first 2 hours 
after low light to high light transitions, the LHC mRNAs are also off-loaded from polysomes, 
indicating a transcript-specific arrest in translation (McKim and Durnford, 2006). This off-loading 
is possibly due to the cytosolic RNA-binding protein NAB1, whose regulatory role is to sequester 
LHC mRNA to prevent translation (Mussgnug et al., 2005; Beckman et al., 2009). This is followed 
by a large-scale translational inhibition period when polysomes are globally disassembled after about 
4 hours in high light and must be reformed, an effect that can be mimicked with H2O2 treatment 
(McKim and Durnford, 2006).  
 
ELIP proteins play a role in photoprotection 

High light intensities inhibit the transcription of LHC proteins, but activate transcription of 
another class of structurally similar proteins, also in the LHC protein superfamily, the early light 
inducible proteins, or ELIPs (Pötter & Kloppstech, 1993). ELIPs are thought to have the same 
structure as LHC antenna proteins (Green & Kühlbrandt, 1995; Jansson, 1999), and to bind Chl 
and carotenoids (Adamska et al., 1999). In addition to ELIPs, two other sets of proteins from the 
LHC protein superfamily, the two-helix stress-enhanced proteins (SEPs) and the one-helix high light 
induced proteins (HLIPs) are also transcriptionally induced immediately after exposure to high light 
(Jansson et al., 2000). LHCs, ELIPs, SEPs, and PSBS are thought to have shared a common two-
helix ancestor, which shares a common ancestor with the single-helix HLIPs (Engelken et al., 2010). 
Using the chaos mutant, which has a non-functional chloroplast signal recognition particle (cpSRP) 
that inhibits rapid insertion of early-induced LHC proteins into the thylakoid membrane, Hutin 
and colleagues demonstrated that ELIPs play an important role in mediating stress response under 
high light, probably by holding Chl to prevent free photosensitizing pigments from being released 
during Chl-binding complex turnover and repair (Hutin et al., 2002). The light-induced response of 
ELIPs is similar to the stress response of LHCSR-like proteins, but based on sequence similarity in 
the transmembrane helices, they likely had a different two-helix progenitor, and LHCSR is part of 
the LHC class. 
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Figure 1.3 
Non-photochemical quenching mechanisms  
qE in C. reinhardtii requires LHCSR and the formation of a PSII-LHCII-LHCSR supercomplex. In A. thaliana, PSBS is 
required for qE. PSBS and LHCSR become protonated as the lumen acidifies under excess light conditions. qZ is 
induced by zeaxanthin formation, which is catalyzed by violaxanthin de-epoxidation performed by the NPQ1 gene 
product. In A. thaliana, NPQ1 encodes the violaxanthin de-epoxidase protein (VDE), while the NPQ1 gene in C. 
reinhardtii is a novel enzyme that performs the same chemistry. This is reversed by zeaxathin epoxidase (ZEP) encoded 
by the NPQ2 gene. qT involves phosphorylation of LHCII antenna complexes by the STT7 kinase and their dissociation 
from the PSII core. qI is associated with photo-oxidative damage to PSII (represented as *PSII*). Repair of PSII is 
inhibited by reactive oxygen species (ROS), such as 1O2

 – which can be quenched by carotenoids and tocopherols. 
[Image adapted from Erickson et al., 2015.] 
 
1.2.2 Dissipation of excess absorbed l ight energy 

When excitation exceeds the capacity for utilization, photoprotective mechanisms exist for 
quenching excess 1Chl* and dissipating the energy harmlessly as heat (Figure 1.3). These 
mechanisms are measured from the decrease of Chl fluorescence from PSII and are collectively 
referred to as non-photochemical quenching (NPQ). NPQ includes short-term responses to rapid 
fluctuations in light, as well as responses that occur over longer periods allowing for acclimation to 
high light exposure (Figure 1.2). Organisms differ in their capacity to dissipate excess energy, but 
measurements have shown that most of the light absorbed by some plants can be dissipated in full 
sunlight (Demmig-Adams et al., 1996). There are four types of NPQ described in the literature 
(Figure 1.3), which are distinguished by the time scales of their induction and relaxation:  energy-
dependent feedback de-excitation quenching (qE) (Müller et al., 2001; Ruban & Mullineaux, 2014), 
state transition-dependent quenching (qT) (Minagawa, 2011; Papageorgiou & Govindjee, 2014), 
zeaxanthin-dependent quenching (qZ) (Nilkens et al., 2010), and photoinhibitory quenching (qI) 
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(Krause, 1988; Adams et al., 2006). The most slowly reversible component of NPQ is qI, which 
represents sustained thermal dissipation of excitation that continues over the course of hours. The 
source of this quenching is somewhat controversial and may have more than one contributing 
mechanism (Lambrev et al., 2010). It has generally been attributed to photoinhibition of PSII 
(Somersalo & Krause, 1989), and is modulated by the PSII repair cycle (Aro et al., 1993; Long et al., 
1994). qZ is induced on a time scale of minutes and represents the constitutive quenching of 1Chl* 
by accumulated zeaxanthin bound to LHCII antenna (Dall’Osto et al., 2005; Holub et al., 2007). 
Like qZ, qT acts on a moderate time scale and results from redox-regulated phosphorylation of 
migratory LHCII antenna complexes (state transitions). And finally, qE is the rapidly reversible 
component of NPQ that is the major short-term component of excess energy dissipation in C. 
reinhardtii under photoautotrophic growth conditions in excess light (Niyogi et al., 1997a).  
 
Rapidly reversible NPQ (qE) 

The most rapid component of NPQ is also the most well-studied process. Rapid fluctuations 
in the level of light necessitate mechanisms to quickly dissipate excess absorbed light energy so as to 
avoid high light shock. qE can be induced in seconds and relaxes over the course of seconds to 
minutes. It is thought to protect the photosynthetic apparatus by (1) decreasing the average lifetime 
of 1Chl* in PSII, thereby decreasing 1O2 generation (Aro et al., 1993), (2) helping to prevent over-
reduction of the electron carriers of the plastoquinone pool, and (3) preventing over-acidification of 
the thylakoid lumen (Kramer et al., 1999), which can damage the oxygen-evolving complex and 
result in the release of the manganese cluster (Virgin et al., 1998). It requires the formation of a 
proton gradient (ΔpH) across the thylakoid membrane (Briantais et al., 1979) and, in C. reinhardtii, 
a stress-related LHC protein, known as LHCSR (Peers et al., 2009).  

Under excess illumination the thylakoid lumen becomes more acidic due to a build up in the 
ΔpH across the thylakoid membrane that is generated by photosynthetic electron transport (Müller 
et al., 2001). The ΔpH increases because ATP is not being consumed fast enough by assimilatory 
reactions, so the lack of ADP and Pi limits H+ efflux through ATP synthase. The decrease in lumen 
pH is a signal of excess light, which triggers feedback de-excitation of 1Chl* by protonation of PSII-
associated proteins involved in qE (Horton et al., 1994, 1996). The necessity of the ΔpH for qE in 
C. reinhardtii and A. thaliana can be seen with the addition of nigericin (Niyogi et al., 1997a; Li et 
al., 2002c), an ionophore that prevents ΔpH formation.  

Through isolation and characterization of npq mutants, two types of LHC proteins of C. 
reinhardtii have been identified as playing a role in qE. The npq4 mutation was mapped to an 
insertion interrupting the expression of two stress-related LHC genes, LHCSR3.1 and LHCSR3.2, 
which encode identical LHCSR3 proteins (Peers et al., 2009). These two genes have a nearly 
identical DNA sequence and are regulated by nearly identical promoter regions (Maruyama et al., 
2014). A third isoform of LHCSR is encoded by the LHCSR1 gene, which is found upstream of 
LHCSR3.1 and LHCSR3.2 on the same chromosome. The LHCSR1 protein is similar to LHCSR3, 
but differs mostly at the C-terminus and the N-terminal chloroplast transit peptide, and it is 
paralogous to LHCSR3, probably originating from an earlier duplication event than the one that 
created the LHCSR3.1 and LHCSR3.2 genes. All three LHCSR genes are transcriptionally up-
regulated in response to the shift from low light to high light, but there is differential expression in 
response to CO2 concentration. LHCSR3.1 is highly expressed in low CO2 conditions only, and 
LHCSR1 is highly expressed only when CO2 concentrations are high (Maruyama et al., 2014). The 
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thylakoid Ca2+-sensing receptor (CAS) protein is necessary for induction of LHCSR3 expression by 
high light (Petroutsos et al., 2011). The requirement for LHCSR explains why the qE capacity of C. 
reinhardtii is strongly dependent on growth conditions that induce LHCSR expression (Peers et al., 
2009).  

LHCSR3 has been shown to function as both a sensor of lumen pH and a site of 1Chl* 
quenching. The C-terminal domain of LHCSR3 is thought to control the pH-sensing capacity of 
the protein (Bailleul et al., 2010; Liguori et al., 2013). Reconstituted LHCSR3 protein has been 
shown to bind Chl and xanthophylls and can dissipate excitation energy in low pH buffer in vitro 
(Bonente et al., 2011). When the C-terminus is removed, however, this pH-dependent quenching is 
no longer observed for reconstituted LHCSR3 protein (Liguori et al., 2013). Transient absorption 
measurements in vitro showed evidence of a lutein radical cation, which could provide a path for 
rapid excitation dissipation (Bonente et al., 2011). Consistent with this finding, the lor1 mutant of 
C. reinhardtii, which lacks lutein and loroxanthin due to a defect in the lycopene ε-cyclase gene 
LCYE (Anwaruzzaman et al., 2004), is partially impaired in qE induction (Niyogi et al., 1997b). 
The double mutant, npq1 lor1, which makes no zeaxanthin or lutein, completely lacks qE (Niyogi et 
al., 1997b), indicating that either zeaxanthin or lutein is necessary for qE in C. reinhardtii. 
Measurements of Chl fluorescence lifetime snapshots during induction of qE in vivo showed the 
appearance of two components with short lifetimes, indicating that qE in C. reinhardtii involves two 
distinct underlying mechanisms (Amarnath et al., 2012). 

LHCSR3 is found in a PSII-LHCII-LHCSR3 supercomplex (Figure 1.3) in which energy 
dissipation is induced by low pH in vitro (Tokutsu & Minagawa, 2013). This supercomplex 
includes the PSBR subunit of PSII and the LHCBM1 protein, which is a major component of the 
trimeric LHCII antenna complex. PSBR is necessary for efficient binding of LHCSR3 to PSII-
LHCII (Xue et al., 2015). LHCBM1 is absent in the npq5 mutant of C. reinhardtii that was 
identified as having significantly impaired qE (Elrad et al., 2002), and it is possible that interaction 
between LHCSR3 and PSII-LHCII depends also on LHCBM1 (Bonente et al., 2011). 

LHCSR is not found in most plants, which instead rely on PSBS, a different member of the 
LHC superfamily, for inducing qE (Li et al., 2000; Niyogi & Truong, 2013). Like LHCSR3, PSBS 
acts as a sensor of lumen pH for activating quenching (Li et al., 2004), however PSBS is not thought 
to bind pigments (Dominici et al., 2002). C. reinhardtii has two genes encoding homologs of PSBS 
(Anwaruzzaman et al., 2004), which show significant transcriptional up-regulation in response to 
nitrogen stress (Miller et al., 2010), but, as of yet, no data have been published indicating that the 
proteins are expressed in the alga (Bonente et al., 2008a; Peers et al., 2009). This is different from 
the moss Physcomitrella patens, which expresses both LHCSR and PSBS, and these two proteins 
function in qE independently and additively (Alboresi et al., 2010, Gerotto et al., 2012). 
 
Zeaxanthin-dependent NPQ (qZ) 

In addition to its role in qE, zeaxanthin functions in a ΔpH-independent type of NPQ called 
qZ, which has been mainly described in plants (Figure 1.3; Nilkens et al., 2010). Zeaxanthin is 
formed when excess light activates violaxanthin de-epoxidase (VDE), a thylakoid enzyme that 
converts violaxanthin (containing 2 epoxides) to antheraxanthin (1 epoxide) and zeaxanthin (no 
epoxides) (Hieber et al., 2000). The npq1 mutant of C. reinhardtii is unable to synthesize zeaxanthin 
in high light (Niyogi et al., 1997a), indicating that it is impaired in VDE activity. The VDE in C. 
reinhardtii, however, differs from the enzyme found in plants and most algae, because an ortholog of 
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the plant-type VDE gene is absent from the genome (Anwaruzzaman et al., 2004). Upon exposure of 
dark-acclimated wild-type cells to high light, NPQ induction in C. reinhardtii exhibits biphasic 
kinetics (Niyogi et al., 1997a). The initial rapid rise in qE is attributed to the rapid increase in the 
ΔpH and the presence of lutein when levels of zeaxanthin are low (Niyogi, 2009). The second phase 
shows a slower rise in quenching over the course of a few minutes that corresponds to the 
accumulation of zeaxanthin (Niyogi et al., 1997a); this second phase is likely due to qZ. It is 
possible, however, that some zeaxanthin-dependent (and ΔpH-dependent) qE also contributes to 
this second phase of quenching. Consistent with either of these interpretations, the npq1 mutant 
shows a normal initial rise in qE upon illumination with high light, but it is deficient in the second 
phase (Niyogi et al., 1997a).  

In limiting light, zeaxanthin is epoxidized, regenerating violaxanthin and completing the 
xanthophyll cycle (Hieber et al., 2000). The npq2 mutant of C. reinhardtii (Niyogi et al., 1997a) 
lacks the zeaxanthin epoxidase enzyme encoded by the ZEP1 gene and accumulates zeaxanthin 
constitutively (Baroli et al., 2003). In addition to showing rapid induction of qE, the npq2 mutant 
also exhibits sustained qZ quenching in the absence of a ΔpH (Holub et al., 2000; Holub et al., 
2007).  
 
State transitions (qT) 

Each photosystem contains a characteristic assortment of pigments and has a unique 
absorption spectrum that optimally drives charge separation (Allen et al., 1981). Because PSII and 
PSI work together in series, balancing the excitation rate of each photosystem relative to the other is 
important for maintaining efficient linear electron transport. PSII is particularly susceptible to 
inactivation under non-optimal conditions, because it generates a strong oxidant and is slower at 
quenching 1Chl* by photochemistry as compared to PSI (Papageorgiou & Govindjee, 2014). Plants 
and algae have a mechanism to reduce excessive excitation pressure on PSII by moving LHCII 
antenna from PSII to PSI, where excitation energy is quenched by PSI, resulting in qT. This 
mechanism, known as a state transition (Allen, 1992), helps to balance excitation of each 
photosystem.  

The canonical description of state transitions in C. reinhardtii begins with the cells in State 1, 
where excitation of the photosystems is either in favor of PSI or balanced between the photosystems. 
In this state, LHCII antennae are associated with PSII and LHCI antennae are associated with PSI 
(Allen, 1992; Delosme et al., 1996). If the light quality changes to favor PSII, the plastoquinone 
pool becomes reduced by electrons coming from PSII, and plastoquinol binds the Qo site of the 
cytochrome b6f complex (Zito et al., 1999), which activates the STT7 serine/threonine kinase 
(Lemeille et al., 2009). STT7 phosphorylates LHCII major and minor antenna proteins causing 
disassociation from PSII (Figure 1.3) and subsequent association with PSI in what is known as State 
2 (Depège et al., 2003; Lemeille et al., 2009). The process is reversible upon the action of a 
phosphatase (Pribil et al., 2010). Remarkably, up to 80% of LHCII antennae have been reported to 
dissociate from PSII in C. reinhardtii in State 2 conditions (Vallon et al., 1986; Delosme et al., 
1996), whereas in plants only 15-20% of the LHCII antenna has been observed to be migratory in 
State 2 (Allen, 1992; Finazzi, 2005). This difference between organisms may be due to a difference 
in thylakoid architecture and photosystem localization between plants and C. reinhardtii 
(Goodenough & Levine, 1969; Chuartzman et al., 2008; Iwai et al., 2008; Fristedt et al., 2009) or 
the presence of CP29 in the PSI-LHCI-LHCII State 2 complex (Kargul et al., 2005; Tokutsu et al., 
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2009; Drop et al. 2014), which is not seen in plants (Kouril et al., 2005). Wientjes et al. (2013a) 
also suggest that state transitions may be tuned for short-term responses to fluctuating light 
conditions in C. reinhardtii, whereas state transitions are more important for long-term acclimation 
in plants, because some LHCII antenna are associated with PSI in nearly all light conditions. 

The study of state transitions has been an active area of ongoing research, with many recent 
observations and findings. One area of focus is the role of phosphorylation in driving migration of 
the LHCII antenna. Investigation of the C. reinhardtii phosphoproteome shows that the most 
heavily phosphorylated LHCII proteins include the major antenna proteins LHCBM1, 2, and 7, 
along with the minor antenna protein CP29 (Turkina et al., 2006), all of which have been found 
associated with the PSI-LHCI-LHCII State 2 complex (Drop et al., 2014). Phosphorylated forms of 
the major antenna protein LHCBM5 and the minor antenna protein CP26 have also been found to 
be associated with the PSI-LHCI-LHCII State 2 complex (Takahashi et al., 2006; Drop et al., 
2014). RNAi knock-down lines of CP29 and two of the major LHCII antenna proteins, LHCBM2 
and 7, show that CP29 is an important component in forming the PSI-LHCI-LHCII complexes in 
State 2 (Tokutsu et al., 2009), as are the LHCBM2/7 proteins (Ferrante et al., 2012). The absence 
of LHCBM1, however, does not affect state transitions (Elrad et al., 2002; Ferrante et al., 2012). 
While many LHCII antenna proteins are phosphorylated, not all dissociate from the PSII core (Iwai 
et al., 2008), such that some LHCII antenna proteins that have been phosphorylated remain 
associated with PSII and some are part of the migratory antenna (Wientjes et al., 2013b, Drop et al., 
2014). This indicates that phosphorylation is not sufficient to result in dissociation of the LHCII 
antenna from the PSII core. In addition, some non-phosphorylated LHCII antennae are also 
included in the migratory LHCII antenna, specifically CP29, which in its non-phosphorylated form 
is in the migratory antenna and in its phosphorylated form remains associated with PSII (Drop et al., 
2014).  

Although up to 80% of the C. reinhardtii LHCII antenna proteins dissociate from PSII in 
State 2, the extent of their association with PSI is a matter of debate (Iwai et al., 2010; Ünlü et al., 
2014). Based on independent quantitative analyses using non-invasive spectroscopic techniques, a 
population of LHCII antennae that are associated with neither photosystem has been proposed as 
the physiological mechanism that accounts for a dramatic decrease of antenna size for PSII without a 
corresponding increase of PSI antenna size in State 2 (Nagy et al., 2014; Ünlü et al., 2014; 
Wlodarcyzk et al., 2015). Based on these data, it is suggested by the authors that only a small 
fraction of the dissociated LHCII antenna proteins actually migrate to PSI, while the remainder 
form quenching antenna aggregates in the thylakoid membrane (Ünlü et al., 2014), which may 
contribute to qT.  

Investigation of the relationship between state transitions and qE has revealed mechanistic 
links between qE and qT for photoprotection. In C. reinhardtii, the level of qE versus qT is variable 
and highly dependent on the growth conditions. Conditions that favor high qE capacity include 
photoautotrophic growth in ambient CO2 concentrations and high light (Niyogi et al., 1997a; Iwai 
et al., 2007), while conditions favoring qT involve high carbon availability, such as growth on 
acetate or photoautotrophic growth in high CO2 (Finazzi et al., 2006; Iwai et al., 2007). Study of an 
stt7 npq4 double mutant, which lacks both state transitions and LHCSR3-mediated qE, as compared 
to the single mutants, showed that state transitions also reduce photo-oxidative damage in high light, 
most likely by decreasing H2O2 production (Allorent et al., 2013). LHCSR3 can be phosphorylated 
by STT7 (Bonente et al., 2011), and the phospho-LHCSR3 detaches from PSII (Allorent et al., 
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2013). Although the population of antenna proteins that is involved in qT differs from that in qE, 
the idea of separating LHC proteins from PSII is shared by some proposed models for these two 
types of NPQ. Similar to qT, detached LHCII aggregates have been suggested as sites of qE 
quenching (Ruban & Johnson, 2009; Tokutsu et al., 2009), and detached LHCII complexes have 
been associated with qE quenching in other organisms (Betterle et al., 2009; Miloslavina et al., 
2009), indicating there might be a mechanistic similarity between qE and qT.  
 
Photoinhibitory quenching (qI) and repair of photodamage 

PSII is particularly susceptible to high-light-induced oxidative damage to the D1 protein of 
the reaction center (Ohad et al., 1984; Aro et al., 1993), and photodamage to PSII exhibits a linear 
correlation with light intensity (Tyystjärvi & Aro, 1996; Baroli & Melis, 1996). PSII, however, has 
efficient and dynamically regulated repair machinery that can selectively degrade and replace 
photodamaged D1 (Aro et al., 1993), and photoinhibition of PSII only occurs if the rate of damage 
outpaces the rate of repair (Takahashi & Murata, 2005). The thylakoid FtsH protease is involved in 
degradation of photodamaged D1 (Malnoë et al., 2014). The speed of PSII repair is controlled by 
environmental cues and the energetic state of the chloroplast, and slows down under excess light 
(Murata et al., 2012). Photoinhibition of PSII, however, is associated with qI quenching (Figure 1.3) 
and helps control electron flow to PSI, which will become irreversibly damaged if the capacity of the 
electron acceptors is exceeded. Thus, photoinhibition can be viewed as a photoprotective mechanism 
for the photosynthetic machinery (Tikkanen et al., 2014), but the molecular basis for qI has not 
been elucidated.  
 
Non-photoinhibitory qI 

In an effort to identify some of the molecular components responsible for the slower 
quenching processes, a slow-relaxing form of quenching was identified in the soq1 mutant of A. 
thaliana (Brooks et al., 2013). In the absence of PSBS, the npq4-1 soq1 double mutant has increased 
NPQ under high light as compared to the npq4-1 background, and the soq1 single mutant shows 
higher NPQ than its Columbia wild-type background. This additional quenching is not due to qE, 
qZ, or qT, however, and no change in the rate of damage or repair of the D1 protein has been 
measured to attribute it to photoinhibitory qI. Therefore, the SOQ1 protein is thought to inhibit a 
form of slowly reversible antenna quenching that is only needed during prolonged stress events, and 
would otherwise compete with photochemistry if it were to be activated more often or on a faster 
time scale. Atomic force microscopy of isolated thylakoid membranes from wild-type and soq1 tissue 
also shows that soq1 PSII reaction centers and antenna complexes preferentially adopt a 
configuration with higher molecular interaction between antennas, which SOQ1 prevents when 
present in the chloroplast (Onoa et al, 2014). These results support a hypothesis that qI is comprised 
of multiple mechanisms, not just that associated the damage and repair of PSII. 
 
1.2.3 Alternative electron transport 

Along with the NPQ mechanisms that provide sinks for excess excitation energy, there are 
multiple electron transport pathways that potentially serve as alternative routes for electrons (or 
‘safety valves’ for photosynthesis) in excess light (Niyogi, 2000). 
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Cyclic electron flow 
The chloroplast must dynamically balance ATP and NADPH production for changing 

carbon fixation demands in fluctuating environments. Cyclic electron flow can provide the extra 
ATP needed for carbon fixation and other cellular processes when the relative demand for ATP is 
higher than linear electron flow can provide (Lucker & Kramer, 2013). Linear electron flow works 
by transferring electrons from water to NADP+ via PSII, cytochrome b6f, and PSI, generating the 
ΔpH necessary for the synthesis of ATP. When the pH of the lumen gets too acidic, the turnover 
rate of plastoquinol (PQH2) at the cytochrome b6f complex is dramatically slowed since it must 
release two H+ into the already acidified lumen, resulting in an inhibition of linear electron flow 
(Finazzi & Rappaport, 1998). Cyclic electron flow shuttles electrons from the acceptor side of PSI to 
plastoquinone (PQ) then back to the donor side via cytochrome b6f and plastocyanin (Cardol et al., 
2011). Protons are translocated into the lumen by the Q-cycle in cytochrome b6f, which increases 
the ΔpH and drives ATP production, but without the formation of NADPH as seen in linear 
electron flow. An increase in reduced acceptors for PSI boosts cyclic electron flow when the 
availability of ATP does not meet the requirement of the Calvin-Benson cycle (Alric et al., 2010). 
The precise pathways and regulation of cyclic electron flow, however, are still areas of debate 
(Eberhard et al., 2008; Alric, 2010; Minagawa, 2011), although there appear to be at least two cyclic 
pathways in C. reinhardtii. One pathway involves an NADPH-plastoquinone oxidoreductase 
encoded by the NDA2 gene (Jans et al., 2008), whereas the other depends on a PGR5-PGRL1 
complex with ferredoxin-plastoquinone oxidoreductase activity (Tolleter et al., 2011; Hertle et al., 
2013; Johnson et al., 2014). Although it is not really a valve for electrons, cyclic electron flow is 
thought to play a role in triggering qE by modulating the ΔpH across the thylakoid membrane, and 
both pgr5 (Johnson et al., 2014) and pgrl1 (Tolleter et al., 2011) mutants of C. reinhardtii are 
deficient in qE and hypersensitive to high light.  
 
The water-water cycle  

In excess light conditions, electron flow to PSI may exceed the capacity of its electron 
acceptors, instead causing ferredoxin or PSI to directly reduce oxygen, forming O2

·- (Mehler, 1951). 
This can become toxic to the cell because O2

·- is enzymatically converted to H2O2 by superoxide 
dismutase (SOD), and H2O2 can either be converted back to H2O by various peroxidases (Dayer et 
al., 2008), or it can generate extremely reactive OH· (Asada, 2006). Flavodiiron (FLV) proteins in 
cyanobacteria have been shown to catalyze the photoreduction of O2 by NADPH to H2O (Helman 
et al., 2003; Allahverdiyeva et al., 2013), and homologs are encoded in the genome of C. reinhardtii. 
Consistent with a possible photoprotective role of the FLV-dependent photoreduction pathway, 
FLV protein expression is elevated in the pgrl1 mutant (Dang et al., 2014), but the role of FLV 
proteins in photoprotection of C. reinhardtii needs to be investigated further.  
 
Chlororespiration 
 Oxygen promotes a positive feedback on photosynthetic oxygen evolution (Diner & 
Mauzerall, 1973), which led to the investigation of chlororespiration, a light-independent electron 
transport pathway in the chloroplast in which plastoquinone is the electron carrier for oxidation of 
NADPH by oxygen (Bennoun, 1982). Chlororespiration provides a mechanism to prevent the 
complete oxidation of the plastoquinone pool in the dark, as well as to prevent its complete 
reduction in excess light. Chlororespiration requires a chloroplast NADPH-dehydrogenase and a 
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plastoquinol oxidase, identified in C. reinhardtii as NDA2 (Jans et al., 2008) and two plastid 
terminal oxidases (PTOX1 and PTOX2), respectively (Cournac et al., 2000, Houille-Vernes et al., 
2011). PTOX homologs in plants have been shown to play a role in carotenoid biosynthesis 
(McDonald et al., 2011), and also to be critical for relieving excitation pressure during the 
development of chloroplasts (Rosso et al., 2009). While these secondary roles have not been directly 
identified in C. reinhardtii, mutants without the major plastid terminal oxidase PTOX2 have 
significantly reduced fitness as compared to wild type, indicating the importance of chlororespiration 
for survival (Houille-Vernes et al., 2011). This is perhaps because the mechanism allows electrons to 
flow through PSII and PTOX in conditions when the level of PSI is very low, accumulating a ΔpH 
to drive ATP synthesis and induce qE in the absence of the linear electron flow (Bailey et al., 2008; 
Cardol et al., 2008).  
 
Mitochondrial respiration in excess l ight 

Oxidative electron transport and phosphorylation in the mitochondria of plant cells has been 
shown to contribute to photosynthetic energy generation in the light (Hoefnagel et al., 1998; 
Raghavendra & Padmasree, 2003), in addition to its role in cellular respiration in the dark. The 
exact mechanism of the mitochondrial contribution to photosynthetic output is unclear, but the 
hypotheses under consideration include modulation of the cytosolic redox potential, or the cytosolic 
ATP concentration, or both (Krömer & Heldt, 1991; Krömer, 1995; Padmasree & Raghavendra 
1998). Mitochondrial electron transport occurs via two pathways, distinguished by their sensitivity 
to cyanide: the cyanide-sensitive cytochrome pathway and the cyanide-insensitive alternative 
pathway (McIntosh, 1994). Disruption of either the mitochondrial electron transport pathways or 
oxidative phosphorylation by inhibitors has varying effects on photosynthetic carbon assimilation 
and regulation of the photosystems, depending on the environmental conditions (Bulté et al., 1990; 
Cardol et al., 2009). Mitochondrial mutants affecting various electron transport complexes in C. 
reinhardtii preferentially perform cyclic electron flow, and measurements of photosynthetic quantum 
yield correlate with mitochondrial respiration rate (Cardol et al., 2003). Work in plants has shown 
that the alternative electron transport pathway seems to be the most influential in regulating the 
activity of light-activated, chloroplast-localized Calvin-Benson cycle enzymes (Padmasree & 
Raghavendra, 2001).  

The current model detailing the relationship between the mitochondria and the chloroplast 
suggests mitochondrial respiration allows for re-equilibration of the reducing and phosphorylating 
power in the different cellular compartments. Linear electron transport in the chloroplast creates a 
surplus of reducing equivalents relative to ATP for what is needed for the Calvin-Benson cycle (Zhu 
et al., 2008). A shared metabolite pool between chloroplast and mitochondrion can maintain a sink 
for excess reducing equivalents and a source for additional ATP needed to maintain carbon fixation 
(Lemaire et al., 1988) and protect the photosynthetic electron transport chain from damage by over-
reduction of the chloroplast (Cardol et al., 2003). Proteomic analysis of C. reinhardtii has shown this 
to be especially true under excess light conditions, when an increased growth rate and increased 
amino acid production can act as a sink for excess reducing equivalents from the chloroplast (Davis 
et al., 2013). Mitochondrial respiration serves as a valve for electrons in the pgrl1 mutant (Dang et 
al., 2014) and especially in a rbcL pgr5 double mutant that is defective in both the Calvin-Benson 
cycle and cyclic electron flow (Johnson et al., 2014). 
 



16 

1.2.4 Antioxidants and singlet oxygen quenching 
 1O2 is the major damaging ROS in plants (Triantaphylides et al., 2008), and it is formed 
primarily by energy transfer from the triplet excited state of cellular photosensitizers such as Chl, 
other tetrapyrroles, retinals, and flavins (Knox & Dodge, 1985; Krieger-Liszkay, 2005).  1O2 can also 
be formed chemically with H2O2 and hypochlorite (Khan et al., 1994; Rosen & Klebanoff, 1977), or 
through lipid hydroperoxides (Miyamoto et al., 2014).  Unlike O2

·- and H2O2, 1O2 is not detoxified 
through enzymatic reactions; it is quenched chemically or physically by various antioxidants 
(Triantaphylides & Havaux, 2009), such as tocopherols and carotenoids. Physical quenching occurs 
by transfer of energy without oxidation, which is the main mechanism used by carotenoids 
(carotenes and xanthophylls). β-carotene is presumed to quench 1O2 in the reaction center of PSII, 
which is the main site of 1O2 formation.  In the LHCs, however, xanthophylls quench 3Chl* directly, 
thereby preventing 1O2 generation (reviewed by Krieger-Liszkay, 2005; Triantaphylides & Havaux, 
2009; Fischer et al., 2013).  These two classes of lipophilic antioxidants, tocopherols and 
carotenoids, have been well studied and established for their antioxidant and photoprotective roles. 
 In addition to causing photo-oxidative damage, ROS also have important signaling roles in 
many organisms. C. reinhardtii exhibits a robust acclimation response specifically to 1O2:  exposure 
to low dose of 1O2 confers resistance to subsequent higher and more toxic levels of 1O2 (Ledford et 
al., 2007). Because 1O2 is generated mainly in the chloroplast at PSII, the acclimation response 
involves retrograde signaling from the chloroplast to the nucleus, resulting in changes in nuclear 
gene expression that enhance resistance to 1O2 
 
 
1.3 Significance of this  research 
 

Even conservative projections of population growth (Raftery, et al., 2012) over the next 30 
years forecast increasing demands for plant biomass, for both nutritional and industrial uses - a need 
which must be met in part by improved growth efficiency (Wu et al., 2014). When considering the 
theoretical maximum yields of sunlight to biomass conversion, plants use only one third of the 
energy available for photochemistry (Zhu et al., 2010). This inefficient energy usage is the combined 
result of limited light penetrance as well as photo-protective mechanisms that dissipate absorbed 
energy as heat during periods of light saturation (Endo et al., 2014; Melis, 2009). Though NPQ can 
result in wasted energy, it is also vital for protecting plants during periods of high light stress, 
especially in environments with fluctuating light (Asada, 1996; Havaux & Niyogi, 1999). 
Modifications to NPQ and its regulation, however, present attractive targets for improving 
photosynthetic yields. The mechanism of qE is still not fully understood, though. 

A. thaliana and C. reinhardtii as model organisms provide well-characterized systems for 
studying these dissipatory mechanisms and their regulation. Phytoplankton are responsible for 
approximately half of global carbon fixation (Falkowski, 1994) and have become a focal point for 
biofuel and sustainability research. A. thaliana is closely related to important food crops worldwide. 
These two biological systems provide a platform for study with broad application to important 
nutritional and biofuel crops. The research described herein explores the role of the stress response 
light harvesting complex proteins in photoprotection, and how evolution within this expansive 
protein family has influenced the diversity of light-energy quenching strategies in divergent 
eukaryotic photosynthetic organisms. 
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Chapter 2 

Identif ication of a molecular mechanism of 
quenching in the Chlamydomonas reinhardtii  
stress response LHC protein, LHCSR3 

 
 
2.1 Abstract 
 
 Photosynthetic organisms must capture and store light energy to sustain life, but absorption 
in excess of the rate of the organism’s down-stream metabolic reactions can result in photo-oxidation 
damage and even death. In response to the potential harm of excess light, plants and algae have a 
plethora of mechanisms to manage the excess absorbed energy, collectively known as non-
photochemical quenching (NPQ). The most rapid component of NPQ, known as qE, is triggered 
by the development of low pH conditions in the thylakoid lumen, where protons build up when the 
photosynthetic electron transport chain is working faster than the downstream metabolic reactions. 
Most of our current knowledge about photoprotection comes from genetic studies of Arabidopsis 
thaliana, in which the level of expression of key genes has been altered and the subsequent changes 
to protein level result in varied capacity and kinetics of photoprotection. This work allows us to 
better understand the physiological response to these processes, but the molecular mechanism of 
quenching is still a matter of debate. Here, I explore some potential molecular mechanisms of 
quenching in the unicellular green alga, Chlamydomonas reinhardtii. An exciting possibility of 
understanding the molecular mechanism of quenching is that photoprotective pathways can be 
manipulated and tuned to balance the need for photoprotection against the ability to enhance 
productivity.  
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2.2 LHCSR is necessary for qE in Chlamydomonas reinhardtii  
 
2.2.1 LHCSR3 is responsible for the npq4  phenotype in C. reinhardtii   

The npq4 mutant of C. reinhardtii has significantly impaired qE capacity after induction in 
high light (Niyogi et al., 1997a). This mutant was identified in an insertional mutagenesis screen 
(Niyogi et al., 1997a). A. thaliana npq4-1 lacks the PSBS protein, which is necessary for qE in the 
plant (Li et al., 2000). Unlike A. thaliana, however, the PSBS protein has been undetectable in C. 
reinhardtii under all tested conditions published to date, despite the presence of two orthologs of 
PSBS in the genome (Koziol et al., 2007). Orthologs of PSBS are also found in other green algal 
genomes (Koziol et al., 2007). The role of PSBS in C. reinhardtii is currently unknown. Work by 
Peers and colleagues led to the identification of the causative insertional lesion in npq4, showing that 
the LHCSR3 (light-harvesting complex stress-responsive) protein is essential for normal qE in C. 
reinhardtii (Peers et al., 2009). The npq4 mutant does not express the LHCSR2 and LHCSR3 genes 
(previously called LHCSR3.1 and LHCSR3.2), both of which code for identical LHCSR3 proteins. 
The mutant not only has diminished qE capacity but also suffers a lower survival rate compared to 
wild type under fluctuating light conditions (Peers et al., 2009).  
 
Contribution of LHCSR3 to qE 

In low light growth conditions (~50 µmol photons m-2 s-1), C. reinhardtii cells have a 
decreased capacity for qE and show little to no expression of LHCSR proteins as compared to 
growth in high light conditions (~400 µmol photons m-2 s-1) (Peers et al., 2009). Complementation 
of the npq4 mutant with a cDNA-derived coding sequence of LHCSR2 expressed under the 
constitutive PsaD promoter resulted in partial rescue of the qE-deficient mutant phenotype (Truong 
et al., 2016). The PsaD::LHCSR2 complemented lines had a lower level of LHCSR3 protein 
accumulation as compared to the level observed in wild type cultures grown under high light 
conditions (Truong et al., 2016), which may explain why the phenotype is only partially rescued. In 
order to determine if the magnitude of qE is proportional to LHCSR3 protein concentration, 
multiple complemented lines were generated and lines showing varied levels of LHCSR3 expression 
were selected for characterization. These complemented lines were created by transforming the npq4 
mutant with an LHCSR2 genomic clone that includes its native promoter. One transformant line 
(LHCSR2 OEX #9) expressed LHCSR3 protein at approximately the same level as wild type, and its 
qE capacity was very similar to that of wild type (Figure 2.1). LHCSR2 OEX #10 had expression 
below wild-type level and showed intermediate qE, between that of npq4 and wild type. When a 
transformant accumulated LHCSR3 above wild-type level, as in the case of LHCSR2 OEX #15, it 
also exhibited higher qE than wild type. Our results clearly show that the level of qE capacity is 
dependent on the level of LHCSR3 protein accumulation. This is similar to what has been shown in 
P. patens (Gerotto et al., 2012), in which LHCSR accumulation is positively correlated with 
quenching. Concentration-dependent quenching shown here for C. reinhardtii is also analogous to 
the concentration-dependent effect of PSBS on qE in A. thaliana (Li et al., 2002b). 
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Figure 2.1 
qE in C. reinhardtii  is  proportional to the concentration of LHCSR3 
Complementation of the npq4 mutant with a genomic clone of the LHCSR2 gene (also known as LHCSR3.1, which 
encodes the Cr.LHCSR3 protein) under the native promoter in the GwypBC1 plasmid  
A) Three complemented lines showing different levels of LHCSR3 over-expression were selected for characterization. 
OEX line #10 has slightly more NPQ than the mutant background, OEX line #9 has an equivalent NPQ phenotype to 
the wild type line, and OEX line #15 has a higher qE capacity than wild type C. reinhardtii after high light acclimation.  
B) Immunoblot analysis using an antibody that recognizes both isoforms of LHCSR shows that OEX line #10 has less 
LHCSR3 accumulation than wild type, OEX line #9 has the same accumulation as wild type, and OEX line #15 
accumulates LHCSR3 in excess of wild type, relative to PSII accumulation as shown by the detection of D2. The 
LHCSR3 only blot in the middle is an over-exposure of the blot above it, showing only the lower band on the 
membrane. [Figure from Truong et al., 2016] 
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Figure 2.2 
The LHCSR genes of C. reinhardtii  
A) There are three isoforms of LHCSR in C. reinhardtii on the same chromosome (Chr8). LHCSR3.1 and LHCSR3.2 
are nearly identical at the nucleotide level and encode an identical protein sequence, LHCSR3.  
B) LHCSR1 and LHCSR3 are only 36% identical at the nucleotide level, but have 86% identity at the protein sequence 
level, where most of the variation is in the N-terminus of the protein. [Figure from Truong et al., 2016] 
 
2.2.2 LHCSR1  

C. reinhartdii contains a third, uncharacterized LHCSR gene, annotated as LHCSR1. It is 
located approximately 200 kilobases upstream from the other two LHCSR genes on the same 
chromosome (Figure 2.2A). LHCSR1 is 36% identical to both LHCSR2 and LHCSR3 at the 
nucleotide sequence level, but has greater than 80% identity in amino acid sequence (Figure 2.2B). 
Both LHCSR1 mRNA and protein level increase in high light in a manner similar to the expression 
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profiles of LHCSR2 and LHCSR3 (Peers et al., 2009), however low levels of LHCSR1 protein are 
present even under low light growth conditions in Chlamydomonas species (Peers et al, 2009, Mou et 
al., 2012). Analysis of transcript abundance of the LHCSR genes, published by Maruyama and 
colleagues, shows that, while all three LHCSR transcripts are up-regulated upon high light exposure, 
LHCSR1 transcription is not inhibited by the PSII inhibitor 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU) nor the calmodulin inhibitor W7, as are the LHCSR2 and LHCSR3 
transcripts (Maruyama et al, 2014). Based on the protein sequence alignment (Figure 2.2B), it 
appears that most of the differences in the sequence between LHCSR1 and LHCSR3 are in the 
amino-terminal chloroplast transit peptide signal. Given the very high identity between the mature 
portions of the LHCSR1 and LHCSR3 isoforms, we hypothesize that LHCSR1 is also involved in 
qE.  

Using the Targeting Induced Local Lesions in Genomes, or TILLING approach, in 
collaboration with the Seattle TILLING Project, the lhcsr1 mutant was generated, which lacks 
expression of the LHCSR1 protein isoform. TILLING is a method that allows for direct 
identification of mutations in specific genes (McCallum et al., 2000). This method uses mutagenesis 
by UV exposure or ethyl methanesulfonate (EMS) to induce small genomic lesions, and then 
identifies mutations in a specific gene of interest using a high-throughput screening system. This 
TILLING screen assessed 4,024 UV-mutagenized lines of wild type C. reinhardtii, yielding four 
point-mutant alleles in the LHCSR1 gene: two containing missense mutations, one a silent mutation 
in the coding region, and one an intron mutation. Immunoblot analysis of the mutants showed that 
one of the missense mutants, lhcsr1-1, did not express the LHCSR1 protein but had normal levels of 
LHCSR3 protein (Figure 2.3B).  
 
Contribution of LHCSR1 to qE 

To assess the contribution of LHCSR1 to qE, we characterized the lhcsr1-1 loss-of-function 
mutation affecting the LHCSR1 gene. This lhcsr1-1 mutant has a substitution of nucleotides “GA” 
for “CT” in the third exon of the gene, resulting in the conversion of Asp-163 to a glutamate residue 
(D163E), and Tyr-164 to an asparagine residue (Y164N). The lhcsr1-1 mutant is unaffected in 
expression of LHCSR3 and its proposed phosphorylated form (Figure 2.3B). The role of 
phosphorylated LHCSR proteins is still uncertain, but it may be involved in quenching Chl* of 
detached LHC antenna proteins as the antennas move from PSII to PSI during state transition 
(Ferrante et al., 2012, Allorent et al., 2013). Immunoblot shows that LHCSR1 is most likely not 
phosphorylated, as there is no size-shifted band corresponding to LHCSR1 seen in the npq4 mutant 
(Peers et al., 2009), however, a low, undetectable level of phosphorylated LHCSR1 is possible.  

As seen in Figure 2.3A, the lhcsr1 mutant has lower qE compared to wild type after high 
light induction, indicating LHCSR1 has a similar role in quenching as LHCSR3. The lhcsr1 mutant 
has slightly higher qE than npq4, suggesting LHCSR1 contributes less to total qE. This could simply 
be due to stoichiometry, since there is only a single copy of the LHCSR1 gene, while both LHCSR2 
and LHCSR3 encode LHCSR3, whose absence is responsible for the npq4 mutation. The function 
of LHCSR1 is further confirmed by the overexpression of the protein in the npq4 mutant 
background. The overexpression line (LHCSR1 OEX) accumulated more LHCSR1 protein and 
concomitantly, displayed greater qE than npq4 (Figure 2.4). Additional LHCSR1 appears to 
compensate for the lack of LHCSR3, suggesting these proteins function additively and 
independently of each other. It also seems that LHCSR1 is a weaker quencher than LHCSR3, since 
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a sizeable overaccumulation of LHCSR1 only resulted in a modest increase in qE in the 
overexpressor line as compared to the npq4 background.  

To create a mutant without any LHCSR to examine the overall contribution of LHCSRs to 
qE in C. reinhardtii, lhcsr1 was crossed to npq4. While the lhcsr1 mutant shows a similar deficiency 
in qE as npq4, the double mutant shows no detectable LHCSR protein and no quenching (Figure 
2.3). This work supports the hypothesis that qE capacity is correlated with LHCSR quantity and all 
qE in C. reinhardtii is attributable to LHCSRs. This is unlike the situation in the moss P. patens, in 
which both PSBS and LHCSR contribute independently and additively to qE (Alboresi et al., 2010; 
Gerotto et al., 2012). 

 

Figure 2.3 
Contribution of LHCSR1 and LHCSR3 to qE in C. reinhardtii  
A) The npq4 mutant of C. reinhardtii, which lacks the LHCSR3 protein, has a significant deficiency in NPQ. The lhcsr1 
mutant, which lacks expression of the LHCSR1 protein, also has lower NPQ than wild type. The npq4lhcsr1 mutant 
that expresses no LHCSR has virtually no NPQ.  
B) Immunoblot analysis with an antibody that recognizes both isoforms of LHCSR confirms that npq4 does not express 
LHCSR3, lhcsr1 does not express LHCSR1, and the npq4lhcsr1 mutant has no LHCSR expression. [Figure from Truong 
et al., 2016] 
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Figure 2.4 
Overexpression of LHCSR1 increases qE capacity 
Complementation of the npq4 mutant with a genomic clone of LHCSR1 with its native promoter.  
A) Complementation of the npq4 mutant, which does not express LHCSR3, with an overexpression construct for 
LHCSR1 shows a modest increase in NPQ over the mutant background. 
B) The LHCSR1 overexpression line (LHCSR1 OEX) shows massive accumulation of LHCSR1, but only a modest 
increase over the mutant background level of NPQ. LHCSR1 does not seem to contribute as strongly as LHCSR3 to 
quenching in C. reinhardtii. [Figure from Truong et al., 2016] 
 
2.2.3 Lack of LHCSR3 expression affects pigment composition in npq4 
and npq4 lhcsr1  mutants 

The photosynthetic efficiency and growth rate of qE-deficient mutants are equivalent to 
those of wild type in steady-state high light condition (Truong et al., 2016). It is likely these qE-
deficient mutants could acclimate to the higher light condition by activating other mechanisms to 
deal with excessive light energy, such as decreasing the absorption cross section by down-regulation 
of light harvesting antenna, or by increasing antioxidant levels to combat generation of reactive 
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oxygen species. Work by Thuy Truong has shown that the two mutants lacking LHCSR3, npq4 and 
npq4 lhcsr1, compensate by using both mechanisms. Levels of neoxanthin and Chl a decrease in all 
strains when cultures are grown in high light as compared to low light, revealing that all strains 
down-regulate antenna size to avoid excessive light absorption. This is an effect that has been 
observed many times previously (Smith et al., 1990; Melis, 1991), and these results show that the 
mutants are not defective in light-induced regulation of antenna size. Mutants and wild type both 
increase the antioxidant pool in high light, but the npq4 and npq4 lhcsr1 qE-deficient mutants show 
a greater increase as compared to wild type. The npq4 and npq4 lhcsr1 mutants also generate higher 
amounts of lutein, have a larger xanthophyll cycle pool, and have a higher de-epoxidation state, 
allowing for increased removal of 3Chl* and 1O2. These two mutants also produced more α-
tocopherol, which can quench 1O2, O2

·-, and H2O2. It seems that even in low light growth 
conditions npq4 and npq4 lhcsr1 accumulate almost twice the amount of α-tocopherol as wild type 
indicating a stress response even at low light growth levels.  

Compared to the other two mutants, the lhcsr1 mutant showed a lesser response to high 
light, showing a modest increase in antioxidants and maintaining a pigment composition that is 
similar to that of wild type. This may be because lhcsr1 has a slightly higher qE capacity than npq4, 
clearing a threshold of protection so that a stress response is not triggered. 
 
2.2.4 Fluorescence l i fetimes of C. reinhardtii  qE mutants 

To further evaluate the contribution of LHCSR1 and LHCSR3 to qE, Time Correlated 
Single Photon Counting (TCSPC) was used to measure the rate of fluorescence decay in the npq4 
mutant. This method relies on ultra-fast spectroscopy and deconvolution of the fluorescence decay 
components to identify the magnitude and time-scale of Chl de-excitation that is attributable to the 
underlying mechanisms of qE and photochemistry. PSII reaction centers are closed during periods of 
light saturation, resulting in chlorophyll fluorescence lifetimes greater than 1 ns and increased 
opportunity for oxidative damage due to the formation of 3Chl* (Gilmore et al., 1995). Activation of 
qE reduces the fluorescence lifetime, thereby reducing the potential for damage.  

In measurements done by Kapil Amarnath on live cells, wild type 4A+ C. reinhardtii cells 
exhibit two pH-dependent short fluorescence lifetimes, of 70 ps and 330 ps (Amarnath et al., 2012), 
which we hypothesize are signatures of a charge-transfer state in the minor LHC antenna complexes 
associated with the PSII reaction center (Ahn et al., 2008) and of quenching localized in LHCII 
antenna aggregates that are detached from the PSII reaction center (Iwai et al., 2010), respectively. A 
third lifetime of 1.2 ns is from unquenched reaction centers. The lhcsr1 mutant closely resembled 
wild type cells with similar amplitudes and fluorescence lifetimes (Truong et al., 2016). The npq4 
mutant, however, shows a significant reduction in amplitude of the middle decay component, and 
the lifetime of that component increased from 330 ps to 520 ps, meaning the amplitude weighted 
average lifetime (τ) for npq4 cells increased (Table 2.1) (Truong et al., 2016). The τ value indicates 
how long excitation remains in the Chl system. The longer the system is exposed to excitation 
pressure, the more likely it is to experience damage. The npq4 lhcsr1 mutant showed a further 
decrease of the middle fluorescence lifetime component, an increase in amplitude of the longest 
component, and an even greater increase in τ value (Truong et al, 2016). The results from the npq4 
lhcsr1 mutant indicate these cells are highly impaired in rapid pH-dependent quenching associated 
with the LHCII antenna and that both LHCSR1 and LHCSR3 play a role in this quenching. 

 



26 

Table 2.1 
Fluorescence l ifetime measurements of C. reinhardtii  NPQ mutants 

Genotype Condition Lifet ime Component Amplitudes τ (ps)  
Wild Type 

(4A) 
 70 ps 330 ps 1.2 ns  

Light-acclimated 0.51 0.43 0.06 250 
Nigericin-treated 0.35 0.30 0.35 544 

npq4  70 ps 520 ps 1.5 ns  
Light-acclimated 0.56 0.23 0.21 474 
Nigericin-treated 0.55 0.22 0.23 498 

lhcsr1  50 ps 290 ps 1.14 ns  
Light-acclimated 0.50 0.43 0.07 230 
Nigericin-treated 0.36 0.25 0.39 535 

npq4lhcsr1  55 ps 340 ps 1.34 ns  
Light-acclimated 0.52 0.16 0.33 525 
Nigericin-treated 0.53 0.24 0.26 459 

 
2.2.5 Discussion and future work 

Generation of the lhcsr1 mutant, and subsequent npq4 lhcsr1 mutant has allowed us to 
identify the contribution of the individual LHCSR gene products to qE. The capacity of qE after 
high light acclimation in C. reinhardtii is correlated with the amount of LHCSR protein that 
accumulates. When either LHCSR1 or LHCSR3 is overexpressed in the npq4 mutant, the qE 
capacity increases, which is similar to the behavior of PSBS in plants and in moss, where 
overexpression of PSBS also leads to greater qE capacity (Li et al., 2002c; Alboresi et al. 2010, 
Gerotto et al., 2011, Gerotto & Morosinotto, 2013). However, our data suggest that while 
LHCSR3 accumulation is linearly correlated with qE capacity, LHCSR1 accumulation is not. A 
robust gain in LHCSR1 protein in the npq4-complemented line (LHCSR1 OEX) did not yield an 
equivalent gain in qE. This finding is different from what has been found for LHCSR1 in moss. 
Gerotto et al. (2012) showed LHCSR1 accumulation level positively correlated with qE amplitude 
in P. patens. They could not, however, find an LHCSR1 overexpressing line. It seems possible that 
some post-translational regulation limits LHCSR1 accumulation in moss and its function in C. 
reinhardtii. 

Despite the significant decrease in qE, the npq4 and npq4 lhcsr1 cells can acclimate to 
constant high light and even maintain healthy photosynthetic function, as seen by the 
photosynthetic efficiency (Fv/Fm, Table 2.2) and growth. These cells acclimate to high light by both 
down-regulating their antenna complexes to absorb less light and by up-regulating their anti-oxidant 
capacity to increase the amount of lutein, α-tocopherol, and xanthophyll cycle pigments. As shown 
by the Chl a: Chl b ratio in Table 2.2, npq4 and npq4 lhcsr1 did not reduce their antenna size any 
more than wild type in high light, instead increasing the anti-oxidant pool to compensate for a qE 
deficiency (Truong et al., 2016). These same mutants also had higher levels of α-tocopherol in low 
light, suggesting they may already experience excitation pressure at this light level due to the lack of 
qE. In contrast, the lhcsr1 mutant resembles wild type in its antioxidant regulation and fluorescence 
lifetime data, supporting that the absence of LHCSR1 alone does not put C. reinhardtii cells under 
much stress. 

The qE component of NPQ in C. reinhardtii is dependent upon both the LHCSR1 and the 
LHCSR3 protein isoforms, but in different capacities, such that LHCSR1 appears to play a minor 
role compared to LHCSR3. Given that the LHCSR1 gene is present in a single copy, LHCSR1 most 
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likely does not accumulate to the same extent as LHCSR3 in the cell and therefore has less effect on 
total qE. LHCSR1 also appears to be a weaker quencher compared to LHCSR3, as suggested by the 
overexpression data in the npq4 background. Significant accumulation of LHCSR1 resulted in only 
a slight gain in qE. It is possible that some further modification or additional binding partner is 
needed for LHCSR1 function. The phosphorylation states of LHCSR1 and LHCSR3 may also play 
a role in their function that we have yet to understand.  
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Table 2.2 
Maximum photosynthetic yield and pigment analysis of C. reinhardtii  NPQ 
mutants 
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2.3 Modification of three lumen-exposed acidic residues of  
LHCSR3 affects the quenching phenotype of Chlamydomonas 
reinhardtii  
 
2.3.1 Stress response LHC proteins sense ΔpH across the thylakoid 
membrane 

While PSBS is necessary for qE in A. thaliana under physiological conditions (Li et al., 
2000), there is controversy over whether PSBS could be a site of quenching, since there is not 
consistent evidence that the protein binds pigments (Funk et al, 1995; Aspinall O’Dea et al., 2002, 
Dominici et al., 2002, Hieber et al., 2004; Fan et al., 2015). Instead, it is hypothesized that PSBS 
acts as a lumenal pH sensor to somehow activate qE induction. Biochemical and biophysical 
characterization of the PSBS protein from A. thaliana shows that two thylakoid lumen-exposed 
glutamate residues, Glu-122 and Glu-226, are important for qE induction (Li et al., 2002a), and 
that they are targeted for protonation when the lumen becomes acidified under excess light 
conditions (Li et al, 2004). When the two lumenal glutamate residues are mutated to non-acidic 
glutamine residues and expressed in npq4-1 mutant A. thaliana plants, despite protein accumulation 
and no change in xanthophyll cycle activity, the impaired qE phenotype is not restored (Li et al., 
2002a, 2004). Furthermore, these PSBS mutant proteins do not bind dicyclohexylcarbodiimide 
(DCCD), a known inhibitor of qE, suggesting they are no longer susceptible to protonation. 
Mutation of only one of the glutamates has intermediate effects on qE induction and DCCD 
binding (Li et al., 2004). The crystal structure of PSBS from Spinacia oleracea shows DCCD is 
bound to the residue Glu-173, which is equivalent to the Glu-226 residue in A. thaliana PSBS (Fan 
et al., 2015). Biochemical and structural analysis of the protein shows that PSBS proteins form 
dimers in the thylakoid membrane in both the active form (Bergantino et al., 2003) and the inactive 
form where Glu-122 and Glu-226 have been modified (Fan et al., 2015). Based on the crystal 
structure of active and inactive PSBS, it is proposed that low pH protonation of the two glutamate 
residues drives a conformational change that allows four stabilizing hydrogen bonds to form at the 
lumenal dimer interface (Fan et al., 2015) and this conformation allows for qE.  

To determine if LHCSR also has a mechanism for sensing acidification of the thylakoid 
lumen, a similar approach was taken to identify conserved acidic residues of lumen-exposed loops of 
the LHCSR3 protein and to ascertain their role in LHCSR3 function.  
 
2.3.2 Expression of protonation mutants of LHCSR does not rescue 
impaired qE phenotype of the npq4 lhcsr1  mutant of C. reinhardtii  

While the molecular mechanisms of quenching for both PSBS and LHCSR are hotly 
debated in the scientific literature, there are significant structural and biochemical differences 
between the proteins (Niyogi et al, 2005; Bonente et al., 2008a, Bonente et al., 2011, Xu et al., 
2015, Croce, 2015). These differences would indicate the mechanism for inducing quenching must 
also be different, especially considering that LHCSR3 is a Chl- and xanthophyll-binding protein 
where quenching of Chl* can be observed in vitro in solutions of purified protein in the form of a 
reproducible short fluorescence lifetime (Bonente et al, 2011). In contrast, LHC-like pigment-
binding sites are not conserved in PSBS, and only a non-canonical binding site for a single Chl 
molecule per PSBS dimer has been observed, along with a predicted non-canonical zeaxanthin 
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binding pocket (Fan et al., 2015). The residues that create these non-canonical binding sites are 
conserved across available PSBS sequences (Fan et al., 2015), which strongly supports an hypothesis 
where quenching is mediated by PSBS and an interaction partner (Fan et al., 2015).  

A common feature of both LHCSR and PSBS, however, is the capacity for binding DCCD, 
a protein-modifying agent that covalently binds to acidic residues involved in reversible protonation 
events (Li, et al., 2004; Bonente et al, 2011; Ballottari et al., 2016). Measurement of DCCD 
binding is used to pinpoint which acidic residues are solvent accessible and could therefore sense low 
pH in the thylakoid lumen. Sequence analysis of available LHCSR protein sequences reveals 
multiple conserved acidic residues that are exposed to the lumen as potential sites of protonation 
(Figure 2.10). Mounting evidence for LHCSR3’s responsiveness to low pH has been observed in 
both in vitro and in vivo spectroscopic analyses (Tokutsu et al., 2004; Bonente et al., 2011). 
Recombinant LHCSR3 from C. reinhardtii reconstituted in solution has been shown to undergo a 
switch to a dissipative state in low pH solutions as measured by TCSPC (Bonente et al., 2011). In 
addition, isolated PSII supercomplexes containing LHCSR3 were reported to undergo a decrease in 
fluorescence lifetime when exposed to pH 5 solution (Tokutsu et al., 2004). 

Structural prediction models of the LHCSR3 protein were created by threading the 
LHCSR3 protein sequence onto the available crystal structure templates of CP29 (Pan et al., 2011) 
and LHCII (Liu, et al., 2004), both from S. oleracea, using the PHYRE2 server (Kelley et al., 2015) 
and the I-TASSER tool (Zhang, 2008; Roy et al., 2010) (Figure 2.5). The predicted structure of 
LHCSR3 includes three trans-membrane helices (A, B, and C), typical of the general structure of 
LHCIIs (Liu et al., 2004; Amunts et al., 2007; Barros et al., 2009; Pan et al., 2011), as well as two 
amphipathic helices (D and E) packed against the lumen-exposed membrane, and a putative short 
highly-acid carboxy-terminal helix that is unique to LHCSR3. There are multiple acidic residues 
that are predicted to be lumen exposed, including the highly acidic carboxy-terminal tail that 
includes Glu-231, Glu-233, Glu-237, Asp-239, Asp- 240, Glu-242, Asp-244, and Asp-254. The 
carboxy-terminus has been reported to play a role in activating quenching based on in vitro 
measurements of fluorescence lifetimes (Liguori et al., 2013). 

Work initiated by Thuy Truong focused on the additional acidic residues facing the 
thylakoid lumen: Glu-221 and Glu-224 in the amphipathic helix D, Asp-109 and Asp-117 in the 
lumenal loop between helix B and helix E, and Glu-218 in the lumenal loop between helix A and 
helix D. To identify residues that contribute to the general molecular mechanism of LHCSR3-
mediated quenching, we wanted to focus on highly conserved motifs (Figure 2.10). Glu-221 and 
Glu-224 in LHCSR3 from C. reinhardtii were conserved in over half of the sequences analyzed 
(Figure 2.10), though notably absent from Ostreococcus tauri and Ostreococcus lucimarinus. As for the 
residue Glu-218, this is only found in C. reinhardtii and its very close relatives amongst the 
Volvocales, however a glutamate in a nearby position and shifted towards the N-terminus is found in 
all the other accessions, suggesting it might have a conserved functional role. Asp-109 is not highly 
conserved, while Asp-117 is present as either an aspartate or glutamate in most sequences. Those 
sequences that do not have Asp-117 do have one or more aspartate residues within 1-3 positions. On 
the basis of these results, Asp-109, Asp-117, Glu-218, Glu-221, Glu-224, Glu-231 and Glu-233 
were selected for further investigation.  

By systematically mutating each of the residues of interest as single, then double, and then 
triple mutants and expressing the protein using the mutant genomic LHCSR2 construct with its 
native promoter, we were able to identify three key residues that do not affect the expression or 
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stability of LHCSR3, but render the protein non-functional in qE: Asp-117, Glu-221, and Glu-224 
(Ballottari et al., 2016) (Figure 2.8). 

 
 

 
Figure 2.5 
Structural model of LHCSR3 
Structural model of LHCSR3 based on homology and a structural threading model over the LHCII (IRWT; Liu et al., 
2004) and CP29 (3PLD; Pan et al., 2011) crystal structures. 
 
NQQ mutants of LHCSR3 do not rescue impaired qE phenotype of npq4 lhcsr1 
mutants 

When each individual acidic residue was mutated, the NPQ amplitude was reduced, but a 
significant level of quenching was still present, and the transformant lines exhibited an NPQ level 
proportional to the level of LHCSR3 protein accumulation as assessed by immunoblotting with 
anti-LHCSR antibodies, which is consistent with the results from Section 2.1. Strains transformed 
with LHCSR3 variants mutated at residue Asp-109 did not show any accumulation of LHCSR3, so 
this residue likely plays a major role in stabilizing protein folding. Lack of significant effect on 
quenching caused by single mutations supports that proton-sensing residues of LHCSR3 are likely 
redundant, therefore combinations of multiple mutations within the same protein were generated 
and tested. When Asp-117, Glu-221 and Glu-226 residues were mutated together, the triple 
mutant, which I refer to as the NQQ mutant, had a qE amplitude similar to that of the background 
npq4 mutant strain (Ballottari et al., 2016). Out of more than 300 colonies of the NQQ mutant in 
the npq4 background, none had higher NPQ induction than npq4, despite the accumulation of the 
mutant LHCSR3 protein at wild-type levels (Ballottari et al., 2016). Expression of the NQQ mutant 
LHCSR3 in the npq4 lhcsr1 mutant background, at varying levels of protein accumulation, also 
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shows no rescue over the background NPQ level (Figure 2.6). There is nearly no concentration 
dependence on the recovery of quenching observed in these NQQ mutants, which is in contrast to 
the results described in Section 2.1 with the functional genomic copy of LHCSR3. 

 
 

Figure 2.6 
NPQ measurements and immunoblot analysis of the LHCSR3 NQQ protonation 
site mutants 
None of the three LHCSR3 NQQ mutants analyzed here show much NPQ above the npq4 lhcsr1 background level, 
even when more protein is expressed. This is in contrast to the wild type LHCSR3 complement, which shows 
concentration dependent quenching in the same npq4 lhcsr1 mutant background. 
A) NPQ traces from high light acclimated C. reinhardtii cultures comparing the 4A wild type, the npq4 lhcsr1 qE-
deficient mutant background, and four complemented lines: a wild type genomic construct expressing LHCSR3, and 
three mutant LHCSR3 constructs with the NQQ protonation site mutations. 
B) Western blot analysis comparing LHCSR expression in the wild type, mutant background, and four complemented 
lines. Wild type shows the presence of LHCSR1 as well as a poorly-resolved doublet of LHCSR3, while the transformed 
lines show only the LHCSR3 doublet. 
 

The very minimal residual qE induction observed in the NQQ mutant could be related to 
the activity of one or more of the other protonatable sites that are still present in the mutant. 
Unfortunately, the addition of further mutations in the LHCSR3 gene resulted in a loss of protein 
accumulation, suggesting there is a threshold for mutation before destabilization of the protein or 
some impairment in protein import into the thylakoid membranes occurs (Ballottari et al., 2016).  
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A recombinant version of the NQQ mutant of LHCSR3 was reconstituted and compared to 
wild type protein for pigment binding and then the fluorescence lifetimes were evaluated. In work by 
Matteo Ballottari, Eleonora De Re, and colleagues, the reconstituted mutant and wild type proteins 
were shown to have similar pigment profiles and fluorescence emission spectra, suggesting the 
mutations did not affect the pigment arrangement within the protein. To see if the identified acidic 
residues are the targets of DCCD binding, comparison between the reconstituted wild type protein 
and the NQQ mutant protein reveals that 40% of the DCCD binding is attributable to Asp-117, 
Glu-221, and Glu-224. TCSPC of the wild type and mutant reconstituted proteins in a mild 
detergent solution showed that at pH 7.5 the fluorescence lifetime components of the two protein 
samples were comparable, whereas the short fluorescence lifetime signature of a dissipative state that 
is observed in the wild type protein at pH 5 could not be induced in the NQQ mutant at the same 
low pH (Ballottari et al., 2016). This was further confirmed by measuring the far-red fluorescence 
emission of Chl at 77 K. The far-red fluorescence signal has been associated with induction of NPQ 
in vivo and correlates with quenching localized in aggregates of LHCII antennas (Ballottari et al., 
2010). The results of measuring a far-red spectral shift showed that at neutral pH the wild type and 
NQQ mutant protein samples were indistinguishable, but in pH 5 solution the wild type protein 
displayed significantly higher far-red emission (Ballottari et al., 2016), supporting that protonation 
of these lumenal residues plays a role in the induction of the LHCSR3-mediated quenching 
mechanism.  
 
GGG mutants of LHCSR3 partial ly rescue qE in npq4 lhcsr1  mutants 

The glutamate residues of PSBS from A. thaliana described by Li and colleagues are 
intolerant to mutation, and resulted in the same inability to rescue the impaired qE phenotype when 
expressed in npq4-1 plants when Glu-122 and Glu-226 were mutated to either alanine residues or 
glutamine residues (Li et al., 2002a). These results support the hypothesis that an acidic residue, in 
those positions specifically, is essential for functionality in quenching. In order to test the tolerance 
to mutation of the proposed protonation sites in LHCSR3, Asp-117, Glu-221 and Glu-224 were 
mutated to glycine residues instead of asparagine and glutamine, as described above, which l refer to 
as the GGG mutant of LHCSR3. All of the major light harvesting complexes of C. reinhardtii, the 
LHCM proteins, have highly conserved glycine residues at the corresponding positions for Asp-117 
and Glu-221, whereas the corresponding position for Glu-224 in the LHCBM proteins is either a 
glutamine or an alanine residue (Figure 2.9). Since LHCBM1 proteins do not induce pH-dependent 
quenching, this experiment set out to determine if the structure provided by the three lumen-
exposed acidic residues is essential for quenching, or if by introducing increased flexibility into the 
lumenal α-helices of LHCSR3, to better match those of the LHCBM proteins, the LHCSR3 mutant 
can still adopt a permissive conformation for quenching.  

The GGG mutant of LHCSR3 show a partially active qE response, though it is highly 
impaired compared to either of the single mutants, npq4 and lhcsr1, or its double mutant genetic 
background npq4 lhcsr1 (Figure 2.7). By analyzing multiple complemented lines of both the NQQ 
and the GGG mutants of LHCSR3, there does not appear to be a correlation between the dosage of 
the pH-insensitive mutants and quenching level (Figure 2.7), supporting the hypothesis that a 
conformational change driven by these three residues is critical for function in inducing qE. By 
introducing additional flexibility into the lumen-exposed loops of LHCSR3, the physical constraints 
of conformation change have been removed. This may allow LHCSR3 to adopt a low-efficiency or 
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unstable dissipative conformation, or to transiently explore a dissipative conformation that is not 
stabilized by a low lumen pH, as seems to be the case for the wild type LHCSR3 protein. Additional 
structural information would help to elucidate the mechanism. 

 
 

Figure 2.7 
NPQ measurements and immunoblot analysis of the LHCSR3 NQQ and GGG 
protonation site mutants 
Unlike the NQQ mutants, the GGG mutants analyzed here show a significantly higher, though still impaired NPQ level 
above the npq4 lhcsr1 background level, regardless of protein expression level. Neither of the protonation site mutants 
(NQQ or GGG) shows concentration dependent quenching when expressed in the same npq4 lhcsr1 mutant 
background, but there is a consistent difference in NPQ capacity after high light growth between the two mutants. 
A) NPQ traces from high light acclimated C. reinhardtii cultures comparing the 4A wild type, the npq4 lhcsr1 qE-
deficient mutant background, and five complemented lines: a wild type genomic construct expressing LHCSR3, two 
mutant LHCSR3 constructs with the NQQ protonation site mutations (#35 and #73), and two mutants LHCSR3 
constructs with the GGG protonation site mutations (#28 and #71). 
B) Western blot analysis comparing LHCSR expression in the wild type, mutant background, and five complemented 
lines. Wild type shows the presence of LHCSR1 as well as a poorly-resolved doublet of LHCSR3, while the transformed 
lines show only the LHCSR3 doublet. 
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Figure 2.8 
View from the lumenal face of Asp-117, Glu-221, and Glu-224 in structural model 
of LHCSR3 
From left to right: Glu-224, Glu-221, and Asp-117, on the lumenal face of the LHCSR3 structural model. 
 
2.3.3 Discussion and Future Work 

Through the study of evolutionarily distant photosynthetic organisms, it seems that two 
strategies for initiating the rapid induction of NPQ in excess light conditions have been repeatedly 
observed: light-driven mechanisms, like the cyanobacterial OCP/FRP system (Boulay et al., 2010), 
and pH-driven mechanisms, as employed by PSBS and LHCSR in plants, algae, and moss species 
(Bonente et al., 2008b; Amarnath et al. 2012). LHCSR3 is unique when compared to PSBS in that 
it is potentially both the sensor of pH and the site of quenching, making it a simpler system for 
induction of rapid de-excitation.  

The fact that this mechanism is lost in vascular terrestrial plants may indicate that it is not 
suitable for photoprotection in the environmental conditions of terrestrial growth. LHCSR-like 
sequences form an early branch in the molecular phylogeny of the three-helix LHC protein family 
(Figure 2.14B) (Dittami et al., 2010; Engelken et al., 2010). LHCSR-like proteins may represent an 
extant version of primitive members of the three-helix LHC protein family, which have maintained 
both a role as the site of quenching and as the trigger to induce quenching. However, it appears that 
LHCSRs may not be optimal in their roles. Bonente and colleagues (2011) observed that LHCSR3 
protein samples in solution slightly quench even in non-acidic pH conditions. Some LHCSR 
proteins, including LHCSR1 in C. reinhardtii (Peers et al., 2009) accumulate even in low light 
conditions, resulting in wasteful quenching of excitation energy even when light is limiting for 
growth. In higher plants, however, these two roles are separated into different components. Other 
LHC stress response proteins, such as PSBS, may have evolved to function in qE thereby replacing 
LHCSR proteins, to become the “on/off” switch that activates cells to adopt a photoprotective state. 
To support this, it appears that PSBS is a better regulator of photosynthesis than the LHCSR 
proteins. The PSBS protein accumulates to some extent at all times (Li et al., 2000) allowing plants 
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like A. thaliana to respond immediately to high light stress, unlike C. reinhardtii, which requires 
high light acclimation over a long period of time. PSBS-dependent qE also has faster induction and 
recovery response compared to LHCSR-dependent qE in the moss P. patens (Gerotto et al., 2012). 
By increasing the complexity of the qE process, terrestrial plants may have the benefit of additional 
feedback for regulation, limiting losses in photosynthetic efficiency in highly dynamic light 
conditions, which C. reinhardtii is less equipped to handle. 

A competing hypothesis concerning the pH-dependent response of LHCSR3 has been 
proposed, positing that the highly acidic carboxy-terminus of the protein is the regulator of 
quenching. The lumen-localized carboxy-termini of both LCHSR3 and LHCSR1 from C. 
reinhardtii are extended relative to other LHC proteins that comprise the major and minor antenna 
complexes of PSII, and contain many additional acidic residues (Figure 2.10). This highly acidic, 
extended carboxy-terminal domain of the C. reinhardtii LHCSR3 was reported to be the “knob of a 
dimmer switch” that controls a transition from a harvesting state to a dissipative state (Liguori et al., 
2013). This work was reported based on in vitro spectroscopy studies of reconstituted recombinant 
LHCSR3 protein measured in solution, and shows that a de-excitation component seen in the wild 
type reconstituted protein under the same conditions is missing from the carboxy-terminal mutant. 
However, amongst the LHCSR-like sequences available, this highly acidic carboxy-terminus is 
present only in Chlamydomonas species, along with Volvox carterii and Aureococcus anophagefferens. 
Both the length and the number of acidic residues within this domain are variable in the other 
LHCSR proteins of different organisms (Figure 2.10). For example, the LHCSR sequences from 
both Ostreococcus species represented as well as Chlorella variabilis show only a single protonatable 
glutamate residue in the carboxy-terminus, and most LHCSR-like sequences do not have an 
extended carboxy-terminal domain at all, so that they more closely resemble CP29 and LHCII 
sequences. Furthermore, with mutation to only three acidic residues, as opposed to nine, we observe 
an equivalent reduction in quenching capacity. The loss of qE is not complete, nor does the 
mutation completely abolish DCCD binding. Perhaps LHCSR3 experiences a titratable 
conformation change that is influenced by many acidic residues, with these three residues 
contributing most heavily. 

While the carboxy-terminal tail of the C. reinhardtii LHCSR3 protein may facilitate in an in 
vitro quenching pathway, it seems unlikely to be a universal molecular mechanism for LHCSR-
mediated quenching. It would be prudent to examine the effects of this mutation in vivo, and this 
work is forthcoming. 
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Figure 2.9 
Alignment of lumenal loops of LHCSR and LHCBM protein sequences from C. 
reinhardtii  
The major PSII antenna Lhcbm proteins of C. reinhardtii have significantly different lumenal loop sequences than the 
LHCSR proteins. The three key acidic residues are identified with red stars and red highlighting. The LHCBM proteins 
have small, non-polar residues in those positions instead. In addition, LHCSR has an extended, acidic C-terminal tail 
relative to the LHCBM proteins.  
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Figure 2.10 
Alignment of lumen-exposed protein regions from a large evolutionary cross-
section of LHCSR protein sequences 
(2 pages) 
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LHCSR-like protein homologs (from Table 2.3) show strong conservation of the three acidic residues (Asp-117, Glu-
221, and Glu-224 in the Cr.LHCSR3 protein) that were identified in our mutant screen (shown with red stars and 
acidic residues in the right position are highlighted in red). Also labeled are the putative Chl and carotenoid binding site 
motifs that are conserved in LHCSR-like sequences (labeled above the sequences using the nomenclature of Kühlbrandt 
et al, 1994). Acidic residues in the C-terminal tail are highlighted in purple. 
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Table 2.3 
Representative sequences and accession information for evolutionary conservation 
analysis of LHCSR proteins 
Protein Sequence Accession Organism 
XP_001696064.1 Chlamydomonas reinhardtii LHCSR3 
XP_001696125.1 Chlamydomonas reinhardtii LHCSR1 
XP_002948670.1 Volvox carterii f. nagariensis 
ADP89594.1 Chlamydomonas sp. ICE-L 
KXZ50176.1 Gonium pectorale 
KXZ42803.1 Gonium pectorale 
Q03965.1|L181_CHLMO Chlamydomonas moewusii 
XP_001768071.1 Physcomitrella patens LHCSR2 
ABD58893.1 Acutodesmus obliquus 
GAQ89003.1 Klebsomordium flaccidum 
ADY38581.1 Ulva linza 
ADU04518.1 Ulva prolifera 
XP_005848576.1 Chlorella variabilis 
ABD37894.1 Mesostigma viride 
XP_002178699.1 Phaeodactylum tricornutum CCAP1055 
XP_002295258.1 Thalassiosira pseudonana CCMP1335 
XP_013902010.1 Monoraphidium neglectum 
XP_013900766.1 Monoraphidium neglectum 
CAA04404.1 Cyclotella cryptica 
EJK49165.1 Thalassiosira oceanica 
AHH80644.1 Durinskia baltica 
AAP79202.1 Bigelowiella natans 
XP_007511181.1 Bathycoccus prasinos 
KOO27643.1 Chrysochromulina sp. CCMP291 
XP_009037936.1 Aureococcus anophagefferens 
XP_005756200.1 Emiliania huxleyii 
ABV22207.1 Karlodinium veneficum 
ABV22207.1 Ectocarpus siliculosus 
ABA55525.1 Isochrysis galbana 
XP_003079276.1 Ostreococcus tauri 
AAY27550.1 Ostreococcus tauri 
XP_001417976.1 Ostreococcus luminarinus 
XP_005647960.1 Coccomyxa subellipsoidea 
XP_003063244.1 Micromonas pusilla 
 Micromonas sp. RCC299 
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2.4 Adaptation of a transient expression method in Nicotiana 
benthamiana  for rapid screening of photosynthetic phenotypes 
 

While C. reinhardtii has a well-established and tractable genetic system, there are some 
limitations with regard to the speed at which mutants can be generated, screened, and characterized. 
Furthermore, maintaining mutants over long periods of time poses additional challenge because C. 
reinhardtii may silence expression of exogenous genes, especially those that are highly expressed, but 
this can still occur even when the gene is expressed under its native endogenous promoter. Nuclear 
transformation, either by bombardment (Kindle et al, 1989), the glass bead method (Kindle, 1990) 
or electroporation (Shimogawara et al., 1998), accomplishes random insertion of the expression 
construct into the genome, which may result in variable expression between transformants, as well as 
disruptive mutations unrelated to the gene inserted. In collaboration with Lauriebeth Leonelli, I 
attempted to adapt an extensively used method from the field of plant pathology to create a rapid 
screening system for evaluating photosynthetic phenotypes caused by mutant C. reinhardtii LHC 
genes. This method would allow us to bypass complementation of each mutant into the native 
organism for screening, by instead taking advantage of transient Agrobacterium tumefaciens-mediated 
gene expression in the tobacco Nicotiana benthamiana (Rossi et al., 1993; Kapila et al., 1997; Van 
der Hoorn et al., 2000). This system exploits the natural ability of A. tumefaciens to genetically 
modify plant cells, allowing for in planta gene expression of algal genes in a matter of days. We 
hypothesized that this system would be particularly well suited for the study of algal LHC genes, 
because introduced genes can use endogenous pigments as substrates and can fit into the existing 
photosynthetically active membranes as a scaffold. In addition, the activity of multiples genes can be 
directly compared since proteins accumulate in discrete spots on the same leaf. 
 
2.4.1 Method verif ication using PSBS from A. thaliana 

Because fully developed leaves contain mature chloroplasts and assembled photosystems, we 
first wanted to test whether heterologous proteins could be introduced into the thylakoid membrane 
or noticeably alter photosynthesis in tobacco leaves at such a late stage of development. We first 
tested the method by introducing the PSBS gene from A. thaliana (At.PSBS), which is highly similar 
to the native PSBS of the plant (Nb.PSBS), in order to evaluate if NPQ dynamics change with the 
overexpression of a protein that is closely related to the endogenous PSBS protein of N. 
benthamiana. As expected, based on the previously described dosage effects on qE by overexpression 
of PSBS in A. thaliana (Li et al., 2002c), high levels of transient At.PSBS expression in mature leaves 
of N. benthamiana resulted in increased NPQ (Figure 2.11) (Leonelli et al, 2016). To ensure high 
expression levels, the gene is expressed under the cauliflower mosaic virus (CaMV) 35S promoter in 
the pEarleyGate100 vector (Earley et al., 2006), and to facilitate biochemical characterization, a 
carboxy-terminal FLAG epitope tag – DYKDDDDK (Hopp et al., 1988) - was included before the 
stop codon of the cDNA-derived coding sequence of At.PSBS (Table 2.4). To control for the 
potential stress response of infection, leaves of N. benthamiana were also infiltrated with a FLAG-
epitope tagged β-glucuronidase (GUS) gene maintained under the same CaMV 35S promoter as the 
genes of interest, for use as a negative control. To ensure consistent stress response due to infection 
and high levels of protein accumulation amongst samples on the same leaf, the OD of A tumefaciens 
was equal across all spots to control for the load of infection. GUS expression does not alter 
photosynthetic membranes or activity.  
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Figure 2.11 
Transient expression of PSBS from A. thaliana in leaves of N. benthamiana  
Expression of At.PSBS in leaf spots of N. benthamiana, shown here at 48 hours post-infiltration, enchances the level of 
NPQ, as shown here by false-colored video fluorescence imaging, when compared to the background of the leaf and the 
control spot expressing the GUS protein. Note, the blue color shown above represents fluorescence level and not GUS 
expression. 
 

Expression of heterologous At.PSBS in N. benthamiana, even at high levels, does not disrupt 
the stability of solubilized thylakoid membrane complexes, as observed using blue native PAGE of 
complexes from purified N. benthamiana chloroplasts gently solubilized with the detergent n-
dodecyl-α-D-maltopyranoside (Figure 2.12B). At.PSBS is associated with multiple solubilized 
complexes including PSI- and PSII-containing complexes, which is consistent with previous 
localization observations done by native electrophoresis (Thidolm et al., 2002; Teardo et al., 2007, 
Correa-Galvis et al., 2016a).  
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Figure 2.12 
Biochemical analysis of thylakoid membranes from N. benthamiana leaves 
transiently expressing At.PSBS, Cr.LHCSR3, and At.CP29 
A) Sucrose gradient analsysis of isolated chloroplasts from N. benthamiana 48 hours after infiltration, solubilized with n-
dodecyl-α-D-maltopyranoside, shows that heterlogously expressed Cr.LHCSR3 and At.CP29 are incorporated in the 
thylakoid membrane and associate with PSII-containing complexes. 
B) Blue Native-PAGE of isolated thylakoid membrane tissue from N. benthamiana expressing At.PSBS, and solubilized 
with n-dodecyl-α-D-maltopyranoside, shows that At.PSBS does not disrupt the stability of the solubilized complexes, 
though the heterologous protein does associate with multiple complexes in the membrane. 
 
2.4.2 CP29 transient expression 
 To further analyze the efficacy of this method, the minor antenna complex protein CP29, 
encoded by the Lhcb4 gene, was also transiently expressed in mature leaves of N. bethamiana. It has 
been proposed that CP29 may be a site of quenching in plants (Ahn et al., 2008), therefore 
modifying CP29 for rapid phenotypic assessment may provide the opportunity to evaluate the minor 
antenna complex protein’s mechanistic role in qE.  
 Leaf spots expressing the Lhcb4.1 gene from A. thaliana and the Lhcb4 gene from C. 
reinhardtii were evaluated for the effect of the expressed heterologous CP29 protein on qE in N. 
benthamiana. This also presented an opportunity to compare the transient expression system’s 
capacity to robustly express plant genes as well as algal genes. Using the pEarleyGate100 expression 
vector, expression of the cDNA-derived coding sequence of CP29 from A. thaliana (At.CP29) was 
compared to expression from the C. reinhardtii cDNA-derived coding sequence (Cr.CP29c), the 
genomic sequence (Cr.CP29g), and a codon-optimized construct (Cr.CP29) optimized for 
expression in vascular plants, all with a carboxy-terminal FLAG epitope tag included just before the 
stop codon (Table 2.4). The genes from C. reinhardtii were modified to include the chloroplast 
transit peptide from the A. thaliana PSBS protein, to ensure plant thylakoid localization. The 
amino-terminal transit peptide of CP29 from C. reinhardtii may be unique amongst plastid-targeted 
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genes (Turkina et al., 2004), and for this reason we chose to ensure plastid localization using a plant 
chloroplast transit peptide. The coding and codon optimized sequences, whether from the plant or 
algal Lhcb4 genes, expressed protein in the N. benthamiana leaf. The C. reinhardtii genomic 
expression construct, however, was not recognized by the plant system and no protein was 
accumulated (Figure 2.13). Despite expression, no quenching phenotype is induced by expression of 
CP29, neither from the plant nor the algal protein sequence, in the transient expression system 
(Figure 2.13).  
 
Transient expression of Cr.CP29 does not disrupt PSII  

Expression of Cr.CP29, even at high levels, does not disrupt the assembly or the stability of 
the photosystem, as demonstrated by sucrose gradient analysis of solubilized isolated chloroplasts. 
Furthermore, transiently expressed Cr.CP29 is localized only in the stable PSII core and antenna 
band, most likely recognized by the plant and substituted into position for the native At.CP29 
protein. (Figure 2.12A) 

 
 

Figure 2.13 
Transient expression analysis of Cr.CP29 
CP29 does not induce quenching when transiently expressed in leaves of N. benthamiana. The Cr.CP29 genomic 
sequence is not expressed in the leaves, while the cDNA-derived coding sequence is expressed at a low level.  The codon-
optimized gene sequence for Cr.CP29 is transiently expressed at a high level 48 hours after infiltration. 
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Figure 2.14 
Evolutionary hypothesis for the origin and expansion of LHC proteins 
A) PSBS and LHCSR-like proteins are all part of the LHC protein superfamily, and are thought to have originated from 
separate internal duplication events in the expanded family of two-helix progenitors already in the eukaryotic nuclear 
genome, supported by molecular phylogenetic analysis of the transmembrane helices of the extant representatives of each 
class of LHC protein.  
B) LHCSR-like proteins are found throughout the three-helix containing eukaryotic photosynthetic organisms (not 
Glaucophytes), and are thought to comprise a basal branch of the phylogenetic tree. Further adaptation led to the red-
algal type LHCs (RedCAP and LHCR-type proteins), the Chl a/c type LHC that bind fucoxanthin or other accessory 
pigments (FCP and LHCF-type proteins), and the Lhca and Lhcb proteins in the green lineage. These hypotheses and 
figures are based on phylogenetic analyses described by Dittami and colleagues (2010) and Engelken and colleagues 
(2010) 
 
Modification of At.CP29 does not result in inducible quenching 

We next attempted to identify whether At.CP29 could be susceptible to a gain-of-function 
mutation that would result in inducible quenching. Could random mutagenesis uncover a novel 
energetic sink within the protein? Or, by introducing elements of the sequence and structure of 
LHCSR3 from C. reinhardtii into the At.CP29 protein, could At.CP29 be converted into a 
quenching LHC protein? This line of questioning was motivated by the hypothesis that LHCSR-like 
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proteins, as the extant representatives of an ancestral branch of LHC proteins, may also represent the 
primitive function of 3-helix LHC proteins (Figure 2.14) (Engelken et al., 2010). Supposing the 
LHCSR quenching function represents the ancestral functional state, then efficient light harvesting 
and excitation transfer of the major and minor antenna LHC proteins would represent the evolved 
function. By that reasoning, if we were to “break” harvesting, perhaps this would result in a reversion 
to the ancestral function of quenching. 

To pursue this line of inquiry, a large library of randomly generated and site-directed 
mutants was created with the intention of introducing a new function into At.CP29. Using error-
prone PCR, through the “Diversify” protocol (Clontech), in addition to site-directed mutagenesis 
(Table 2.6) to generate targeted mutations, the two mutant libraries were screened for the 
introduction of a quenching phenotype when expressed in planta using the transient expression 
system in N. benthamiana. Plasmids selected at random for sequencing verification showed that the 
error-prone PCR resulted in 1-4 point mutations per gene, with the majority containing a single 
point mutation, many of which were synonymous mutations.  

After testing over 1000 randomly generated mutants as well as numerous site-directed 
mutants (Table 2.6) introduced into the At.CP29 protein, none had an inducible or constitutive 
quenching phenotype upon transient expression in N. benthamiana. A sample of the screening is 
shown in Figure 2.15, where a group of mutants with the highest quenching signal, identified during 
screening, were selected for repeated characterization. The plasmid for each mutant was sequenced to 
confirm the mutation, but as Figure 2.15 shows, no significant inducible quenching was introduced 
for any CP29 mutant. These results do not support our hypothesis, instead supporting a model 
where quenching is regulated and caused by a specific pigment interaction within the protein 
scaffold. 
 
 

 
Figure 2.15 
Selected CP29 mutants 
Selected mutants from the CP29 random mutagenesis screen with the highest NPQ signal. None of the mutants showed 
inducible quenching. 
 
2.4.3 LHCSR3 transient expression 

LHCSR-like genes are not found natively in vascular terrestrial plants. However, the moss P. 
patens, which is intermediate to vascular terrestrial plants and chlorophyte algae, uses both LHCSR 
and PSBS as additive and independent quenching mechanisms (Alboresi et al., 2010, Gerotto et al., 
2012). Though we were not certain that a viable pathway for LHCSR-mediated quenching would 
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exist in plants, we introduced transient expression of the C. reinhardtii LHCSR3 protein 
(Cr.LHCSR3) into N. benthamiana to characterize any subsequent inducible quenching. 

Just as with Cr.CP29 described above, we tested Cr.LHCSR3 expression using the genomic 
sequence (Cr.LHCSR3g), the coding sequence (Cr.LHCSR3c), and a sequence that was codon-
optimized for expression in vascular plants (Table 2.4). All of the LHCSR3 expression constructs 
had the 54-residue amino-terminal transit peptide from the At.PSBS protein replacing the 20-
residue transit peptide sequence of the Cr.LHCSR3 gene, as well as a carboxy-terminal FLAG 
epitope tag (Table 2.4). The Cr.LHCSR3 coding sequence and the genomic sequence from C. 
reinhardtii were not expressed transiently, but the codon-optimized sequence had high expression in 
mature N. benthamiana leaves (Figure 2.16).  

 
 

Figure 2.16 
Transient expression analysis of Cr.LHCSR3 
Transiently expressed Cr.LHCSR3 shows a high early quenching phenotype, within the first 30-45 seconds of 
illumination with actinic light. The genomic construct and cDNA-derived coding sequence constructs of Cr.LHCSR3 
did not express when infiltrated into mature N. benthamiana leaves. The codon-optimized construct of LHCSR3, 
however, showed high transient expression 48 hours after infiltration. 

 
Despite high transient expression 48 hours after transfection, there is only a modest effect on 

quenching capacity upon the introduction of the Cr.LHCSR3 protein (Figure 2.16). Specifically, 
there is a consistent and reproducible early induction of qE in the first 30-45 seconds of exposure to 
the actinic light. This early effect is no longer seen over the dominating PSBS-mediated background 
qE in the leaf after the initial rapid induction, however (Figure 2.17). To determine if the FLAG 
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epitope tag was interfering with function, we compared a tagged and untagged construct of 
Cr.LHCSR3 in the pEarleyGate100 expression vector. All of the constructs led to transient protein 
expression in mature N. benthamiana leaves, but there was no difference in the quenching phenotype 
between any of the samples (Figure 2.17). The early high level of NPQ induction, at 30 seconds of 
actinic light exposure was maybe even a little more pronounced in the tagged constructs as compared 
to the untagged. To amplify the difference between the leaf’s background qE and the effect of 
Cr.LHCSR3 expression, we also measured the effect of Cr.LHCSR3 in N. benthamiana leaves where 
expression of the endogenous copy of PSBS (Nb.PSBS) was silenced by RNA interference delivered 
by A. tumefaciens transformation (Koscianska et al., 2005). There was no inducible quenching 
phenotype in the silenced leaves upon expression of Cr.LHCSR3 or At.CP29, whereas expression of 
At.PSBS was able to rescue quenching in the Nb.PSBS-silenced leaf (Figure 2.18) 
 
 

Figure 2.17 
Effect of FLAG epitope tag on transient expression of Cr.LHCSR3 in N. 
benthamiana  
To determine if the carboxy-terminal FLAG epitope tag interferes with function of Cr.LHCSR3 during transient 
expression in the N. benthamiana, we tested a tagged and untagged version. Both proteins result in the same early 
quenching phenotype observed in the first 30 seconds of actinic exposure, but no additional quenching was observed 
past that early induction for either construct. Constructs not containing FLAG were created by Lauriebeth Leonelli. 
 
2.4.4 Co-Expression with LHCSR3 to identify interacting modulators 

The inability of Cr.LHCSR3 to induce quenching in N. benthamiana led me to wonder if 
perhaps Cr.LHCSR3 requires an interacting partner that is present in C. reinhardtii cells, but is 
absent in the plant chloroplast. A few interaction candidates have previously been suggested in the 
literature based on attempts to determine the localization of LHCSR3 in C. reinhardtii thylakoids. 
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These candidates include the major antenna complex protein, LHCBM1 from C. reinhardtii (Elrad 
et al., 2002; Tokutsu & Minagawa, 2013), and the minor antenna complex CP29 (Tokutsu & 
Minagawa, 2013). More recently, however, the PSBR protein, which is a component of the oxygen-
evolving complex (OEC), has been reported as essential for LHCSR3 binding to the PSII-LHCII 
reaction center (Xue et al., 2015). PSBR is present in the plant chloroplast, so it is possible that there 
is a difference between the plant and algal OEC which prevents Cr.LHCSR3 from recognizing 
PSBR from N. benthamiana, or another component in addition to PSBR is required to activate 
Cr.LHCSR3 for qE.  

 

 
Figure 2.18 
Quenching phenotype of transiently expressed LHC proteins in N. benthamiana 
with si lenced native Nb.PSBS 
To see if signal of Cr.LHCSR3 quenching could be better observed without the endogenous quenching system of N. 
benthamiana, RNA interference was used to silence the endogenous PSBS protein (Nb.PSBS).  Wild type and Nb.PSBS-
silenced leaves were infiltrated with At.PSBS, At.CP29, Cr.LHCSR3, and the negative control GUS. In the wild type 
leaves, Cr.LHCSR3 provides extra quenching in the early moments of high light induction, but the effect is no longer 
visible after a few minutes. At.PSBS, however, enhances the quenching capacity of the leaves over the course of qE 
induction. In the Nb.PSBS-silenced leaves, Cr.LHCSR3 cannot induce any early quenching phenotype, nor does it 
enhance the qE capacity after a few minutes of high light stress. At.PSBS, however, can rescue the quenching phenotype 
of the Nb.PSBS-silenced leaves, complementing the loss of the endogenous protein. Silencing was performed by 
Lauriebeth Leonelli. 
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Transient expression of either Cr.CP29 or Cr.LHCBM1 alone does not result in inducible 
quenching, nor does co-expression of either Cr.CP29 or Cr.LHCBM1 with Cr.LHCSR3 (Figure 
2.19). Co-expression with the C. reinhardtii copy of PSBR was not tested in this work. Each spot 
was infiltrated with the same concentration of A. tumefaciens as determined by the optical density of 
the bacterial cell culture. To ensure equivalent load of infection in the co-expression spots, the 
bacterial cultures harboring plasmids for each individual gene were mixed with either the GUS 
control or each other for consistent infectivity from each construct in each test spot. While these 
genes may be important for qE in the native system, they are not sufficient to activate Cr.LHCSR3 
in the N. benthamiana heterologous expression system. 
 

 
Figure 2.19 
Transient co-expression of Cr.LHCSR3 with Cr.CP29 and Cr.LHCBM1  
Co-expression of Cr.LHCSR3 with Cr.CP29 did not enhance quenching in N. benthamiana leaves, nor did co-
expression of Cr.LHCSR3 with Cr.LHBM1.  
 
2.4.5 Discussion and Future Work 

This method of analysis is not useful for gauging loss-of-function in LHCSR-mediated 
quenching, because the plant system does not appear to be permissive of the native quenching 
pathway with LHCSR alone. What this does allow, however, is gain-of-function analysis. Although 
our attempts at turning At.CP29 into a quenching LHC were ultimately unsuccessful, we certainly 
did not explore an exhaustive number of mutations to the protein. These suggest, however, that an 
“active-site” model for quenching cannot describe LHCSR-mediated quenching, and expressional, 
post-translational, or some other level of regulation of Cr.LHCSR3 is also required for qE. 

Although our attempts to analyze the quenching function of Cr.LHCSR3 in a plant system 
were not very informative, this system could be useful for other questions. Work by Lauriebeth 
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Leonelli has shown that this system can be used to study novel carotenoid biosynthesis pathways 
(Leonelli et al., 2016). Further work related to carotenoid biosynthesis is underway in the lab, and 
this system offers a convenient platform for functional analysis and specificity determination for 
enzymes from formerly genetically intractable organisms. 
 
Table 2.4 
Gene constructs for expression in N. benthamiana and A. thaliana  
Protein Gene constructs  in pEARLEYGATE100 vector Construct name 
PSBS   
 At.PSBS* + FLAG At.PSBS 
 At.PSBS* + FLAG E122Q, E226Q At.PSBS QQ 
 At.PSBS Transit Peptide (54) + Cr.PSBS* (Δ44) + FLAG Cr.PSBS 
 At.PSBS Transit Peptide (54) + Cr.PSBS* (Δ44) + FLAG E103Q, E208Q Cr.PSBS QQ 
 Cr.PSBS* + FLAG Cr.PSBS-nTP+ 
 Cr.PSBS* Cr.PSBS-nTP- 
   
CP29   
 At.CP29* + FLAG At.CP29 
 At.PSBS Transit Peptide (54) + Cr.CP29[genomic] (Δ19) + FLAG Cr.CP29g 
 At.PSBS Transit Peptide (54) + Cr.CP29* (Δ19) + FLAG Cr.CP29c 
 At.PSBS Transit Peptide (54) + Cr.CP29≠ (Δ19) + FLAG Cr.CP29 
   
LHCSR   
 At.PSBS Transit Peptide (54) + LHCSR3.1[genomic] (Δ20) + FLAG Cr.LHCSR3g 
 At.PSBS Transit Peptide (54) + LHCSR3.1* (Δ20) + FLAG Cr.LHCSR3c 
 At.PSBS Transit Peptide (54) + LHCSR3.1≠ (Δ20) + FLAG Cr.LHCSR3 
 At.PSBS Transit Peptide (54) + LHCSR3.1≠ (Δ20) Cr.LHCSR3- 
   
LHCBM1   
 At.PSBS Transit Peptide (54) + LHCBM1≠ (Δ25) + FLAG Cr.LHCBM1 
   
*cDNA-derived coding sequence 
≠Codon-optimized for vascular plant expression 
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2.5 Disruption of pigment-binding sites in LHCSR3 
 
2.5.1 Interactions between low energy chlorophyll  molecules,  or 
chlorophyll  and a carotenoid could provide an energy sink for non-
photochemical quenching 

An area of photosynthesis attracting active research is the study of energy-transfer within and 
between the light-harvesting complexes of PSII. High-resolution crystal structures of an LHCII 
major antenna complex protein and the PSII-associated CP29 minor antenna complex protein, both 
from spinach, provide spatial information on pigment arrangements. In concert with further 
biochemical and biophysical characterization of isolated monomeric proteins and of complexes, it 
has been possible to develop and refine pigment site energy models for these two proteins 
(Novoderezhkin et al., 2011; Feng et al., 2013a; Feng et al., 2013b).  

The photosynthetic functionality of an LHCII protein is characterized by efficient capture, 
and subsequent transfer, of excitation energy through the LHCII pigment-protein complex to the 
reaction center of PSII. The excitation will pass through other pigment-protein complexes, like the 
minor antenna complexes of CP43 and CP29, for example, en route (van Amerongen & van 
Grondelle, 2001). Photoprotection, however, is characterized by the presence of exciton-quenching 
sites, where a site may consist of either a single pigment or a cluster of pigments. Quenching sites 
receive energy from neighboring sites and then act as exciton traps, quenching the energy instead of 
transferring it to the reaction center. A possible configuration for a quenching molecule would 
include a site with a higher energy state, which can receive the exciton, and a site with a lower energy 
state, to trap the exciton. These sites would need to be strongly coupled to the LHC protein scaffold 
in order to dissipate the excess energy as heat through the protein backbone (Duffy et al., 2008). The 
low-energy site would be critical for quenching, and may be conformation dependent. 

The site energy models of LHCII and CP29 have different conserved Chl molecules 
comprising the low energy clusters (Figure 2.20) (Novoderezhkin et al., 2011; Feng et al., 2013a; 
Feng et al., 2013b). Single-molecule spectroscopy of the major and minor complex LHCIIs from 
plants also shows that each protein has a different capacity to adopt a quenched state and a 
differential response to low pH buffer conditions (Krüger et al., 2012; Krüger et al., 2013; Schlau-
Cohen et al., 2015). Many results support that quenching occurring within either CP29 (Cheng et 
al., 2008; Ahn et al., 2008) or LHCII (Krüger et al., 2013; Schlau-Cohen et al., 2015) could be the 
dominant site of quenching under low lumen pH conditions. A consensus on a mechanism has not 
been reached. LHCSR is, however, thought to be the dominant site of quenching in C. reinhardtii 
(Bonente et al., 2011; Liguori et al., 2013).  

Using these energy models for reference, because Cr.LHCSR3 does not yet have a proposed 
crystal structure or site energy model, this work focuses on identifying which of the pigments 
associated with Cr.LHCSR3 are critical for maintaining a quenching site. As described earlier, the 
transient expression system in N. benthamiana is not suited to loss-of-function screening for 
Cr.LHCSR3-mediated quenching. Instead, the goal of this experiment was to identify mutations 
that either disrupt or abolish pigment binding, leading to an inducible quenching phenotype when 
expressed in the leaves of N. benthamiana – effectively identifying new quenching pathways that 
have been introduced within the pigment-protein complex. 
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Figure 2.20 
Energy models of chlorophyll  molecules in LHCII and CP29 
Energy models based on published models (LHCII: from Novoderezhkin et al., 2011; CP29 from Feng et al., 2013a and 
2013b). High-energy Chl b molecules can absorb excitation energy and transfer the exciton to the lower energy Chl a 
clusters, which are energetically and spatially clustered for interaction. Interacting clusters are indicated by shared colors 
and overlapping vertical alignments. In LHCII, quenching is thought to occur when excitation is passed from the high 
energy Chl b608-601-609 cluster to the low energy Chl a611/612-610 cluster. In CP29, Chl b608 is spatially coupled 
with Chl a609-603 dimer and in close proximity to the head group of violaxanthin, which may comprise the site of 
quenching. Chl b608 is also energetically coupled to the Chl a611-610-612-615 cluster, which form clusters around 
each head group of lutein and provide a low energy exciton trap, also creating a good candidate for the site of quenching 
(Pan et al., 2011). 
 
2.5.2 Transient expression of LHCSR3 mutants targeting pigment-
binding sites  

Looking for conservation of specific residues in LHCSR sequences from different species can 
facilitate identification of residues that are crucial for protein function. When the LHCSR3 protein 
sequence from C. reinhardtii was compared to homologous sequences from other organisms, several 
residues appeared to be highly conserved (Figure 2.10). Most of the chlorophyll-binding sites 
previously proposed in Cr.LHCSR3 (Bonente et al., 2011) (Figure 2.10) can also be found in 
LHCSR proteins from other species (Figure 2.10), namely the residues for binding Chl at the A1, 
A4 and A5 sites (these pigment site references are consistent with the nomenclature from 
Kühlbrandt et al., 1994; see Table 2.5 for corresponding nomenclature consistent with Liu et al., 
2004). Some variability in position can be found for the A2, B5 and A3 sites, and a poorly conserved 
glutamate residue at the B6 binding site position was only maintained in a few LHCSR-like protein 
sequences. The carotenoid-binding motifs of the three-helix LHC proteins are generally conserved, 
and known as L1, L2, V1, and N1 sites (Kühlbrandt et al., 1994), though there is variability in 
binding selectivity and preference for these sites which affords spectral diversity to different LHC 
proteins (Guiffra et al., 1996; Bassi et al., 1999; Remelli et al., 1999). In Cr.LHCSR3, the conserved 
motifs for the bipartite L1 and L2 sites are highlighted (Figure 2.10), though there is not strong 
evidence of a conserved N1 site. Analysis of reconstituted recombinant Cr.LHCSR3 supports the 
preferential binding of violaxanthin and lutein into two sites, along with a possible third site that was 
usually unoccupied in the reconstitution experiments (Bonente et al., 2011). No loroxanthin or 
neoxanthin was found bound to the reconstituted protein (Bonente et al., 2011). Despite the 
absence of neoxanthin binding in the refolding experiments, a tyrosine residue is found near the 
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position an N1 site would be located in other LHC protein. This tyrosine residue, Tyr-126 is 
conserved in C. reinhardtii and organisms very closely related to Chlamydomonas, but not widely 
conserved amongst LHCSR-like proteins. (See Figure 2.10). 

Despite the inconclusive results of transient expression of Cr.LHCSR3 in N. benthamiana, as 
described in Section 2.3, we proceeded to test a library of site-directed Cr.LHCSR3 mutants 
targeting the conserved and predicted pigment binding sites of Cr.LHCSR3 by transient expression 
in N. benthamiana. (Tables 2.6 and 2.7) Mutants resulting in increased inducible quenching upon 
transient expression are described below (Figure 2.21). 
 

 
Figure 2.21 
Transient expression of selected Cr.LHCSR3 chlorophyll  and carotenoid binding 
site mutants 
Selected pigment binding site mutants transiently expressed in N. benthamiana show higher quenching than the wild 
type Cr.LHCSR3 protein. Mutations to His-90, which is a highly conserved Chl a603 binding site, resulted in increased 
quenching. Disruption of this chlorophyll probably opens a new quenching pathway in the plant thylakoid membrane. 
Mutations to the putative L2a carotenoid-binding site, to make Cr.LHCSR3 more like CP29, LHCII, and LHCBM1 
respectively, also increase quenching. Mutations to this area would also disrupt the orientation of Asp-117 in the lumen. 
Mutations to Tyr-126 also show an increased level of quenching when transiently expressed in N. benthamiana. Tyr-126 
is near a putative conserved N1 binding site, but is also the neighbor of a conserved Chl a604 binding site, His-127. 
Mutations to His-127 do not affect quenching when transiently expressed. 
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His-90 
A mutation at His-90 of Cr.LCHSR3, including a conversion of the histidine residue to 

alanine, phenylalanine, lysine, arginine, tryptophan, and asparagine, results in enhanced quenching 
when the protein is transiently expressed in N. benthamiana. His-90 is a highly conserved residue 
amongst LHC proteins, and is predicted to be the ligand for binding the magnesium atom at the 
center of Chl a603 (or the A5 site). This Chl molecule would be embedded in the thylakoid 
membrane closest to the stromal side of the protein. In the LHCII energy model, Chl a603 is the 
higher-energy member of a stromal-side Chl a cluster (Chl a603-Chl a602; A4-A5) (Novoderezhkin 
et al., 2011). In the energy model for CP29, Chl a603 is strongly coupled to Chl a609 (the B5 site), 
where Chl a609 has the slightly higher energy state (Feng et al., 2013a; Feng et al., 2013b; Berman 
et al., 2015, Berman et al., 2016). Chl a609 is not strongly coupled to the protein scaffold, however, 
which limits our ability to make targeted disruptions to both members of this pigment cluster. 
Recently, a charge-transfer quenching model of quenching in CP29 was proposed, positing that qE 
occurs in either a Chl a dimer formed between Chl a603 and Chl a609 or between a carotenoid and 
Chl a603 (Berman et al., 2015). Because Cr.LHCSR3 most closely resembles the sequence of CP29, 
and this mutation results in a quenching phenotype in planta, it is possible that disruption of the 
Chl a609-Chl a603 cluster has opened a different exciton trap within the protein. We are unsure, 
however, if the energy model of Cr.LHCSR3 would be similar enough to CP29 to draw strong 
conclusions about the energetic coupling between this Chl a603 and any other pigments in this 
stress response LHC protein. 
 
Tyr-126 

The N1 site of LHCII coordinates a neoxanthin molecule through an interaction between 
the carotenoid’s head group and a tyrosine residue in the lumenal loop of the protein. Observations 
made during study of LHCII have correlated a distortion in the neoxanthin molecule that is 
associated with increased quenching, and it has been proposed that the neoxanthin structural 
distortion is likely caused by overcrowding in the grana (Haferkamp et al., 2010). Cr.LHCSR3 does 
not have a conserved tyrosine in the exact N1 site position, nor does the reconstituted Cr.LHCSR3 
protein stably bind neoxanthin when the carotenoid is provided in the reconstitution buffer 
(Bonente et al., 2011). There is, however, a tyrosine residue in the same lumenal loop of the 
Cr.LHCSR3 protein, near the N1 site position, and while the position is not fixed within the loop, 
the lumenal-loop tyrosine is well conserved among LHCSR proteins. Neoxanthin is in close 
proximity to Chl a604 (A6), and the magnesium-coordinating histidine residue for Chl a604 is 
conserved in Cr.LHCSR3 (His-127). In the structural model of Cr.LHCSR3 threaded onto the 
crystal structure of So.CP29, the aromatic ring of Tyr-126 would be in proximity to the face of Chl 
a604, assuming the pigment arrangement within Cr.LHCSR3 matches that of So.CP29. 

A mutation of Tyr-126 of Cr.LHCSR3, including conversion to phenylalanine, histidine, 
valine, proline, and tryptophan, results in increased quenching when the mutant protein is 
transiently expressed in N. benthamiana. Mutation of the nearby His-127, the conserved Chl a604-
liganding residue, does not change the quenching phenotype of transiently expressed Cr.LHCSR3 in 
leave of N. benthamiana. This screening method is not sensitive to the identification of loss-of-
function mutations, which may explain why the His-127 mutation does not supply interesting 
results, but alteration of the Tyr-126 residue opens a novel quenching site in the mutant 
Cr.LHCSR3 proteins when transiently expressed in planta. 
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Asn-200 
The lowest energy cluster in LHCII is another stromal-side Chl a cluster (Chl a610-Chl 

a611- Chl a612; A1-A2) (Novoderezhkin et al., 2011). The higher energy pair in the cluster, Chl 
a611 and Chl a612 (A2) have nearly the same energy state, and they are coordinated to the protein 
by interaction with the same histidine residue and stabilized by each other. This conserved histidine 
is absent in Cr.LHCSR3, but instead corresponds to Asn-200 in the Cr.LHCSR3 sequence. In the 
CP29 energy model, Chl a611 and Chl a612 are still strongly coupled, but do not share equivalent 
energy state positions – Chl a612 is the lowest energy Chl in the cluster and Chl a611 is the highest 
energy Chl in the cluster (Feng et al., 2013a). In addition, they are part of this low-energy Chl a 
cluster along with Chl a615, whose energy state is intermediate to the other two, and which is not 
conserved in LHCII. Disruption of Asn-200 in Cr.LHCSR3 results in increased quenching when 
transiently expressed. This is true when Asn-200 is converted to a histidine (to match the CP29 
sequence), as well as aspartate or glutamine. Disruption of Arg-202, which corresponds to the Chl 
a615 ligand from CP29, does not affect quenching during transient expression of Cr.LHCSR3. 
 
Other Cr.LHCSR3 mutations 

Additional mutations were made to the putative L2 pigment-binding site, adding an 
insertion to make the Cr.LHCSR3 sequence more like CP29 and LHCII. Insertions in this region 
also disrupt the Asp-117 site – shifting the aspartate to a new position in the lumenal loop. These 
insertion site mutations also enhance quenching when the mutant protein is expressed transiently in 
N. benthamiana.  

Another theoretical model for non-photochemical quenching has proposed that the B3 site 
chlorophyll, or Chl a614, whose liganding residue is a histidine within Helix D of the protein in the 
carboxy-terminal lumen-exposed region, is the chlorophyll molecule mediating inducible quenching 
(Ioannidis & Kotzabasis, 2015). The corresponding histidine in Cr.LHCSR3 is the His-225 residue. 
This model is based on homology of this region to hemoglobin, supporting a mechanism for 
conformation change of a protein scaffold that binds a heme-like molecule. This chlorophyll would 
be coordinated by the carboxy-terminal tail, allowing for greater conformational flexibility than 
would be possible in the transmembrane helices. The authors of this model indicate this could be a 
site of quenching in the major and minor antenna complexes of higher plants, but Cr.LHCSR3 does 
have a conserved tryptophan residue that is also a stabilizing ligand in this position. This mutant of 
Cr.LHCSR3 was not tested with the transient expression system; however, it would be a good 
candidate for testing in the native system to see if Cr.LHCSR3 becomes non-functional if this 
peripheral chlorophyll association is destabilized.  
 
2.5.3 Future experiments 

To better understand the effect of pigment-binding site disruption in Cr.LHCSR3, I would 
like to reintroduce these mutations into the native expression system to see how qE in an LHCSR-
mediated quenching system is affected. Characterization of the expression of the selected mutants of 
interest (His-90, the L2 site, Tyr-126, His-127, Asn-200, and His-225) in C. reinhardtii is in 
progress. I would also like to better characterize the new quenching pathway that is introduced 
during in planta expression, so stable expression of select His-90 and Asn-200 mutants in A. thaliana 
is also in progress.   
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Table 2.5  
Coordination of chlorophyll  molecules in LHCII, CP29, and LHCSR3 proteins 

LHCII 
Chlorophyll  

Label* 

Alternative 
LHCII 
Label  ×  

Spinach LHCII 
Ligand 

Partner(s)  *  

Primary ligand  

Stabilizing bonds 

Corresponding 
CP29 

Chlorophyll  
Label  + 

Spinach CP29 
Ligand Partner 

+ 

Primary ligand  

Stabilizing bonds 

Chlamydomonas 
LHCSR3 Ligand 

Partner ≠  

Primary Ligand 

Stabilizing bonds 

Chl b601 - Tyr-24 - - - 

Chl a602 A4 Glu-65 

Tyr-44, Trp-46 

Chl a602 Glu-96 Glu-87 

Chl a603 A5 His-68 Chl a603 His-99 

Arg-91 

His-90 

Arg-82 

Chl a604 A6 Water 

Leu-133 

Chl a604 Water 

Leu-136 

His-127 

Ile-131 

Chl b605 - Val-119 

Gln-122, Ser-123 

- - Val-120 

Chl b606 B6 Water Chl b606 Water - 

Chl b607 A7 Water 

Gln-131 

Chl b607 Water 

Glu-151, Lys-126 

- 

Chl b608 B1 Water 

Leu-148, Arg-70 

Chl b608 Water 

Gln-161, Arg-101 

- 

Chl b609 B5 Glu-139 

Gln-131, His-68 

Chl a609 Glu-159 

His-99 

- 

His-90 

Chl a610 A1 Glu 180 

Gly-158 

Chl a/b610 
(mixed site) 

Glu-197 

Gly-175, Phe-178 

Glu-197 

Gly-173, Phe-177  

Chl a611 B2 PG Phosphodiester Chl a611 G3P 

His-200 

- 

Asn-200 

Chl a612 A2 Asn-183 Chl a612 His-200 Asn-200 

Chl a613 A3 Gln-197 Chl a613 Gln-214 Gln-214 

Chl a614 B3 His-212 Chl b614 His-229 

Trp-226 

His-227 

- 

- - - Chl a615 G3P 

Arg-202 

- 

Arg-202 

*Nomenclature from Liu et al., 2004 
×Nomenclature from Kühlbrandt et al., 1994 
+Nomenclature from Pan et al., 2011 
≠Using the protein sequence coordinates of Cr.LHCSR3  
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Table 2.6 
Chlorophyll  disruption mutations in At.CP29 and Cr.LHCSR3 

LHCII 
Chlorophyll  

Label* 

Alternative 
LHCII 
Label  ×  

Corresponding 
CP29 

Chlorophyll  
Label  + 

Targeted 
Chlamydomonas 

LHCSR3 Residues ≠  

Targeted Arabidopsis  
CP29 Residues ∞  

Chl b601 - - - - 

Chl a602 A4 Chl a602 Glu-87 Glu-140 

Chl a603 A5 Chl a603 His-90 

Arg-82 

His-143 

Arg-135 

Chl a604 A6 Chl a604 His-127 

Ile-131 

- 

Leu-178 

Chl b605 - - Val-120 Val-157 

Chl b606 B6 Chl b606 - - 

Chl b607 A7 Chl b607 - Glu-195 

Chl b608 B1 Chl b608 - - 

Gln-205; Arg-145 

Chl b609 B5 Chl a609 - 

His-90 

Glu-203 

His-143 

Chl a610 A1 Chl a/b610  

(mixed site) 

Glu-197 

Gly-173, Phe-177, Asp-174 

Glu-242 

Gly-220, Phe-223, Asp-224 

Chl a611 B2 Chl a611 - 

Asn-200 

- 

His-245 

Chl a612 A2 Chl a612 Asn-200 His-245 

Chl a613 A3 Chl a613 Gln-214 Gln-259 

Chl a614 B3 Chl b614 His-225 His-274 

Trp-271 

- - Chl a615 - 

Arg-202 

- 

Arg-247 

*Nomenclature from Liu et al., 2004 
×Nomenclature from Kühlbrandt et al., 1994 
+Nomenclature from Pan et al., 2011 
≠Using the protein sequence coordinates of Cr.LHCSR3 
∞Using the protein sequence coordinates of the full length A. thaliana Lhcb4.1 gene 
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Table 2.7 
Carotenoid-binding site mutations in Cr.LHCSR3 
Carotenoid Binding Site Targeted Chlamydomonas LHCSR3 Residues ≠  

L1a Δ Leu-166 – Pro-172 

Δ Lys-167 – Pro-172 

Lys-167 

L1b Phe-211 

Val-212 

Ala-207 

Ala-210 

Glu-215 

Val-217 – Insertion – Phe-223 

L2a Val-65 – Insertion – Phe-66 

Pro-61 – Insertion – Phe-62 

L2b Phe-113 

Phe-114 

Trp-116 

Trp-116 – Insertion – Asp-117 

N1 Tyr-126 

≠Using the protein sequence coordinates of Cr.LHCSR3 
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2.6 An attempt to develop two additional fast  screening 
methods for evaluating the photosynthetic function of 
Chlamydomonas genes 
 

While the transient expression system in N. benthamiana is a fast and easy way to screen 
large mutant libraries, it is not sufficient for finding loss-of-function mutations in Cr.LHCSR3 since 
the quenching signal is so minute. My goal was to find a way to normalize expression in transformed 
C. reinhardtii cultures for easy, consistently representative phenotypic assays. One way to do this 
would be to consistently express the mutant protein from the same location in the genome, 
eliminating positional effects from random insertion of the transformation cassette. C. reinhardtii has 
not been amenable to targeted nuclear genomic mutation techniques nor does it undergo 
homologous recombination in the nuclear genome. The chloroplast genome, however, can undergo 
homologous recombination and chloroplast transformation techniques are well established. The first 
approach I will describe is adapting a chloroplast transformation technique to assure consistent 
insertion and expression of thylakoid-localized genes from the chloroplast genome. Another way to 
assure consistent expression would be to couple the gene of interest to a regulatable expression 
system in order to tune expression levels regardless of the insertion site. To test this, I expressed 
Cr.LHCSR3 in C. reinhardtii using a specially designed nuclear transformation cassette where 
expression of the gene of interest is coupled to expression of a resistance gene required for survival in 
the presence of antibiotic, a method developed by Rasala and colleagues (2012). 
 
2.6.1 Expression of LHC genes from the chloroplast genome 

In order to establish a faster, more consistent screening strategy for assessing photosynthetic 
phenotypes, I set out to find a system that would ensure: 1) consistent expression levels for 
comparison between mutants, 2) a low chance of silencing the mutation, and 3) reduced risk of 
collateral damage to the photosystem or growth of the organism caused by random insertions. 
Chloroplast transformation offers these advantages because the gene is introduced into the 
prokaryotic-origin organellar genome, which does not have a rapidly adaptable silencing mechanism. 

Chloroplast transformation was first demonstrated using particle bombardment (Boynton et 
al., 1988) and many strategies have been tested for selecting transformants by introducing antibiotic 
resistance genes into the organellar genome.  Both the aadA gene, which confers resistance to 
spectinomycin (Goldschmidt-Clermont, 1991), and the aphA-6 gene, which confers resistance to 
kanamycin (Bateman & Purton, 2000) have proven to be successful selectable markers in C. 
reinhardtii, but there are limitations to this approach. If the transformed cells do not become 
homoplasmic, which is often difficult to assure, when the cells are removed from selection the 
transformation cassette will be diluted out over time and lost. Long-term exposure to antibiotics can 
increase the chances for mutations in the host, particularly to rRNA (Vester & Long, 2009). 

Instead of using antibiotic selection to confirm successful chloroplast transformations, in the 
following experiments I chose to use a transformation system with a non-functional PsbH gene in 
the chloroplast genome (O’Connor et al., 1998), such that upon successful transformation 
photoautotrophic growth is restored. In this strain, known as the recipient strain, the aadA gene is 
disrupting PsbH in the chloroplast genome, preventing expression of the protein and thereby 
disrupting assembly of PSII and inhibiting photoautotrophic growth. By using a rescue vector, called 
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p72, a functional copy of the PsbH gene can be restored into the chloroplast genome by homologous 
recombination. Downstream of PsbH in the chloroplast genome is a neutral site providing an ideal 
space to introduce new genes into the chloroplast genome. The p72 vector has the functional copy of 
PsbH along with the gene of interest, in my case the cDNA-derived coding sequence of the 
Cr.LHCSR2 gene which encodes Cr.LHCSR3, stabilized by the 5’- and 3’-untranslated regions of 
the rbcL gene, all flanked by sequences homologous to the chloroplast genome surrounding PsbH 
(Figure 2.22). Successful transformation will yield a colony that can grow on minimal media and 
includes the gene of interest in the downstream neutral site. If the 5’- and 3’- untranslated regions of 
rbcL flanking the gene of interest were to incorrectly target the homologous recombination to 
remove rcbL, those transformants would be unable to grow on minimal media without the RbcL 
protein.  

 

 
Figure 2.22 
Chloroplast transformation strategy 
Based on the system developed by Purton and colleagues (19xx and 19xx). The recipient strain has the defective psbH 
chloroplast genome in the npq4lhcsr1 mutant nuclear genome. Transformation of the chloroplast genome using 
bombardment should rescue the disrupted PsbH gene to rescue autotrophic growth, and introduce the LHCSR2 gene 
into the chloroplast genome. The LHCSR2 gene is stabilized by the rcbL 5’ and 3’ untranslated regions for high 
expression.  
 

In this strategy, I attempt to express a nuclear-encoded thylakoid-localized protein from the 
chloroplast genome. There are many reasons this could be unsuccessful for complementing function 
of the gene. The protein may be expressed, but not properly targeted to the thylakoid since it is not 
entering the organelle through the import machinery. Cleavage of the transit peptide may be 
necessary for activity, but does not occur when the protein is expressed from within the chloroplast. 
To address these potential pitfalls, I designed three different expression constructs to test the 
importance of import and signal peptide processing (Table 2.8). Each construct is designed with the 
cDNA-derived coding sequence of Cr.LHCSR2. Constructs p72-LHCSR3i and ii include only the 
coding sequence of LHCSR2, with or without a carboxy-terminal FLAG epitope tag, respectively. 
Constructs iii and iv encode a truncated copy of LHCSR3 that is lacking the first 20 residues which 
comprise the chloroplast transit peptide of LHCSR3. Constructs v and vi include the 35 residue 
membrane-targeting signal peptide from the petA gene, which encodes cytochrome b6f. This signal 
peptide is added to the amino-terminus of the Cr.LHCSR3 coding sequence. If the transit peptide 
interferes with proper localization for a protein expressed in the chloroplast, constructs iii and iv 
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should address this problem. The chloroplast-encoded petA gene’s 31-residue signal peptide has been 
shown to target proteins to the membrane (Gatenby et al., 1988; Pierre et al., 1995), though it is not 
a certainty that Cr.LHCSR3 proteins targeted to the thylakoid membrane using this signal peptide 
would adopt their native topology.  

The goal was to use this transformation method to screen mutants of Cr.LHCSR3 for 
altered quenching function. To ensure the recipient chloroplast was in a qE-deficient genetic 
background, I performed a cross between the minus mating type of the npq4 lhcsr1 mutant, which 
lacks all LHCSR expression, and the recipient strain that has a disrupted psbH chloroplast genome. 
Using PCR to verify the genotype of the resulting tetrads, I selected a positive mating type strain 
with the recipient chloroplast genome psbH defect and the npq4 lhcsr1 mutations in the nuclear 
genome to perform the transformations (Line #13). I also selected a positive mating type strain with 
the recipient chloroplast genome, but with the recipient strain’s parental nuclear genomic 
background with functional LHCSR genes (Line #20) to compare the background qE-capacity of the 
parental strain to the transformants, and to evaluate overexpression of Cr.LHCSR3 resulting from 
both a nuclear- and a chloroplast-encoded copy of Cr.LHCSR2.  

 
 

Figure 2.23 
Baseline NPQ and LHCSR expression in psbH x npq4 lhcsr1 chloroplast 
transformation recipient strains, Line #13 and Line #20 
Line #13 and Line #20 were generated by crossing the npq4 lhcsr1 qE-deficient mutant with the psbH recipient strain 
and screening for the psbH deletion in the chloroplast genome. #13 and #20 are the mt+ mating type progeny where 
Line #13 has the nuclear genetic background of the npq4 lhcsr1 parental strain and Line #20 has the nuclear genetic 
background of the psbH recipient strain. Both Line #13 and Line #20 were transformed with the empty p72 
transformation vector to restore photoatutotrophic growth. Despite expression of LHCSR, Line #20 does not have qE. 
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To evaluate the qE-capacity of the parental background, I transformed both Line #13 and 
Line #20 with the empty rescue vector, which would only rescue the dysfunctional psbH gene and 
not introduce a gene into the neutral site. The transformation efficiency of this method was 
extremely low, but I did recover a few transformants that successfully rescued photoautotrophic 
growth. Unfortunately, while Line #20 does express some LHCSR in high light, it does not have any 
inducible qE (Figure 2.23), which means the photosystem defect or accumulated mutations 
elsewhere in the parental background of this strain are not permissive of LHCSR-mediated 
quenching. Despite transformation of both Line #13 and Line #20 with each of the rescue vector 
constructs, none of the transformations resulted in rescue of the quenching phenotype. To 
distinguish whether the parental background is not permissive of qE, or if perhaps only the 
particular progeny I selected were defective in some way, I also transformed the empty vector into 
the recipient strain that had not been crossed with npq4 lhcsr1. The parental background has low 
PSII accumulation, as seen by the low levels of D2 expression when evaluated on an equal Chl basis 
(Figure 2.24), which shows that rescue of PsbH that is sufficient to restore photoautotrophic growth 
does not necessarily perfectly restore PSII accumulation. The rescued recipient train does, however, 
expresses LHCSR proteins and has near 4A wild type levels of qE (Figure 2.24). 

Because the parental strain is able to express LHCSR and has near wild-type levels of qE, the 
qE deficiency in Line #20 may represent an unlucky selection of progeny – perhaps this strain did 
not receive a permissive background for LHCSR-mediate quenching, for example. The qE deficiency 
in Line #13 could also be an unlucky selection of progeny, or that expression of LHCSR from the 
chloroplast genome is not capable of inducing NPQ in C. reinhardtii. Unfortunately, because 
neither of the recipient strains I selected is permissive of inducible quenching, it precludes my ability 
to use this experimental set-up to determine if expression of nuclear-encoded thylakoid-localized 
LHCSR genes from the chloroplast genome can functionally complement the npq4 lhcsr1 qE 
deficiency. If this method were to be pursued again, a larger set of progeny could be tested to see if 
any received a permissive background for LHCSR-mediated quenching. Alternatively, there are 
other chloroplast genome recipient strains available that may provide a better background for testing 
these genes (Chen & Melis, 2013). 
 
Table 2.8 
Chloroplast transformation constructs 
Protein Gene constructs  in p72 rescue vector Construct name 
Cr.LHCSR3   
 Cr.LHCSR3 + FLAG p72-LHCSR3i 
 Cr.LCHSR3 p72-LHCSR3ii 
 Cr.LHCSR3 (Δ20) + FLAG p72-LHCSR3iii 
 Cr.LHCSR3 (Δ20) p72-LHCSR3iv 
 petA (35) + Cr.LHCSR3 + FLAG p72-LHCSR3v 
 petA (35) + Cr.LCHSR3 p72-LHCSR3vi 
The cDNA-derived coding sequence of Cr.LHCSR3 was used in each transformation cassette. In construct iii and iv, the 
first 20 residues comprising the transit peptide of LHCSR3 were not included, while in construct v and vi the signal 
peptide of the chloroplast-encoded petA gene, which encodes cytochrome f, was added to the amino-terminus of the 
Cr.LCHSR3 peptide sequence. 
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Figure 2.24 
NPQ and LHCSR expression of chloroplast transformation parental strains 
After transformation with the empty p72 vector, the PsbH gene is restored and allows for photoautotrophic growth of 
the parental recipient strain. Despite the recovery of a functional PsbH gene, however, the parental recipient strains (#1-
#3) do not accumulate very much PSII under high light growth condtions as shown by Western blotting against the PSII 
core protein, D2. The parental strains have near 4A wild type levels of NPQ and accumulate both LHCSR1 and 
LHCSR3 when grown in high light. 
 
2.6.2 Control of LHC gene expression through fusion to a selectable 
marker gene 
 In a separate attempt to achieve consistent, regulatable expression levels of mutant genes in 
C. reinhardtii, I adapted a method developed by Rasala and colleagues (2012) for selection-
dependent expression. One of the major obstacles for using C. reinhardtii as a high-throughput 
platform is poor expression of heterologous genes from the nuclear genome. Rasala and colleagues 
used the foot-and-mouth-disease-virus (FMDV) 2A self-cleavage peptide to transcriptionally fuse 
heterologous gene expression to antibiotic resistance, assuring that survival on selection is linked to 
commensurate expression of the introduced gene of interest (2012). They used the Streptoalloteichus 
hindustanus bleomycin resistance gene (sh-ble), which confers resistance to the DNA double strand 
break-inducing bleomycin antibiotic family (Dumas et al., 1994). Zeocin resistance is achieved by 
binding and sequestration of the antibiotic agent, meaning resistance to varying levels of antibiotic 
selection is proportional to expression levels (Dumas et al., 1994). The FMDV 2A peptide is a 20-
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residue sequence that promotes self-cleavage (Ryan et al, 1991). During translational elongation, a 
peptide bond fails to form between the 18th and 19th residue of the sequence, leaving the majority of 
the 2A sequence attached to the carboxy-terminus of the first protein encoded, yielding two 
independent proteins (Ryan et al., 1991).  
 For these experiments we used the pBR9 plasmid (Rasala et al., 2012), which encodes the 
PAR4 promoter upstream of the expression construct and the Rbcs2-3’-untranslated region (Figure 
2.25). PAR4 contains the Hsp70A promoter enhancer element along with four tandem copies of the 
Rbcs2 gene’s first intron, followed by the Rbcs2 promoter and 5’-untranslated region. In the 
expression construct, we inserted the cDNA-derived coding sequence for Cr.PSBS and Cr.LHCSR3, 
each with a carboxy-terminal FLAG-epitope tag, using the InFusion PCR kit (Clontech). The 
expression vector was introduced into npq4 lhcsr1 C. reinhardtii cells using electroporation for 
transformation following the published method (Rasala et al., 2012) and using 1 µg of DNA per 250 
µL of cells. Successful transformants were identified by survival on TAP plates containing three 
different concentrations of zeocin (5, 10, and 15 µg/mL).  
 

 
Figure 2.25 
Transformation plasmids for selection-dependent expression in C. reinhardtii  
The pBR9 expression vector couples the Hsp70A and the RbcS promoters in the PAR4 promoter region upstream of the 
ble-sh antibiotic resistance gene that is linked to the coding sequence of the gene of interest by the foot-and-mouth-
disease-virus (FMDV) 2A self-cleavage peptide linker (Rasala et al., 2012). 
 
 Transformation efficiency was very low for the reactions selected on 15 µg/mL zeocin plates, 
and only about 25 colonies per µg of DNA were observed on 10µg/mL zeocin plates. The 5 µg/mL 
zeocin plates appeared to have high transformation efficiency of about 500 colonies per µg of DNA, 
but upon patching the colonies onto fresh 5 µg/mL zeocin, very few survived. Transformation of the 
whole expression cassette was confirmed by PCR, and only 20% of the colonies displaying zeocin 
resistance also had a full-length amplicon of both the sh-ble gene and LHCSR2 or PSBS. The 
transformants were maintained on TAP with zeocin, except to screen for photosynthetic phenotype, 
which is done in minimal media. Since this expression construct should lead to constitutive 
expression of the protein products, streaks of each transformant were screened on minimal media 
plates in both low light and high light acclimated conditions for restoration of qE. No rescue of the 
qE phenotype could be observed in low light, but a few colonies were selected for further 
characterization from the high light screen. Amongst these colonies, no photosynthetic phenotype 
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could be observed (Figure 2.26), but immunoblot analysis probing against the FLAG epitope 
showed that both Cr.LHCSR3 and Cr.PSBS expression is present at low levels after growth in high 
light conditions only. Transformed colonies not exposed to constant selection, even just for the 
course of a photosynthetic screen of 5 days, had all lost zeocin resistance when transferred from 
minimal media back to selection plates, confirming that the cells do not prefer to maintain the high-
level of expression conferred by the PAR4 promoter. Over the course of six months, even under 
constant maintenance on zeocin, each of the colonies died. This suggests that either long-term 
zeocin exposure eventually leads to lethal double strand breaks, and/or that the expression construct 
is silenced even in the presence of persistent selection.  
 
 

Figure 2.26 
Zeocin selection-linked expression of Cr.LHCSR3 and Cr.PSBS in C. reinhardtii  
Expression of LHCSR and PSBS in C. reinhardtii via fusion to the sh-ble gene upon transformation into the npq4 
mutant background. Protein only accumulates under high light growth conditions, but has no phenotypic effect. 
 
 While the results published in the article by Rasala and colleagues showed high 
transformation efficiency and stable expression of the xylanase gene fused to GFP (2012), the pBR9 
expression construct with either Cr.LCHSR2 or Cr.PSBS did not prove to have either high efficiency 
or stable expression for long-term analysis even under persistent selection. Zeocin is a potent 
mutagen, leading to double stranded DNA breaks, which may explain the slow but consistent loss of 
colony viability. BleR is the best selectable marker to use for this system because of the stoichiometric 
mechanism, as opposed to an enzymatic mechanism that is employed by most other genes conferring 
antibiotic resistance, however, because of the instability and rapid silencing of the expression 
construct, this system is not ideal for studying photosynthetic phenotypes in a semi-high-throughput 
method. The lack of a photosynthetic phenotype, even though protein expression had been 
confirmed, may be due to a number of reasons that I was not fully able to address because of the loss 
of colony viability. The FLAG epitope tag may interfere with function, particularly of the LHCSR3 
protein since it would leave a highly acidic tail exposed to the lumen on the carboxy-terminus of the 
protein, but the effect of this epitope tag on protein function has not been confirmed. The epitope 
tag on Cr.PSBS, assuming the protein is localized to the thylakoid membrane in the same manner as 
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its plant homolog, would be exposed to the stroma and and would presumably be less likely to 
interfere with function. The fact that both proteins only accumulate under high light may indicate 
that stability of the two proteins is promoted in a high light- or stress-dependent manner, or that 
timing of expression is critical for function. The lack of rescue of the qE phenotype may also suggest 
that a translational or post-translational regulatory mechanism is required for function, but this 
mechanism is absent when the protein is translated from the coding sequence as opposed to the 
genomic sequence. If the pBR9 constructs had been stable some of these questions could have been 
addressed, but mutagenesis by random insertion is still the best method for screening photosynthetic 
phenotypes caused by C. reinhardtii genes for my questions.  
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Chapter 3 

Assessing the functionality of PSBS from 
Chlamydomonas reinhardtii  

 
 
3.1 Abstract 
 
 Through study of the npq4-1 mutant of A. thaliana, it has been shown that expression of the 
PSBS protein is required for qE (Li et al., 2000), but a molecular mechanism of action for this four-
transmembrane LHC protein is still unknown. In C. reinhardtii, however, contributions from 
LHCSR1 and LHCSR3 account for all of the rapidly inducible quenching observed after high light 
acclimation (Truong et al., 2016). Despite two copies of the PSBS gene in the genome of C. 
reinhardtii, no role has been proposed for the green algal homolog. Here I explore the potential 
functionality of PSBS from C. reinhardtii by studying the protein’s activity in N. benthamiana and 
A. thaliana. 
 
 
3.2 PSBS in Chlamydomonas reinhardtii   
 
 There are two PSBS homologs in the C. reinhardtii genome, PSBS1 and PSBS2. The genes 
are transcribed upon a shift from dark to light conditions, such that high levels of transcript have 
been measured within one hour of the onset of light (Duanmu et al., 2013), but rapidly return to a 
nearly undetectably low level shortly after (Zones et al., 2015). High levels of PSBS transcript have 
also been observed after prolonged nitrogen stress conditions (Miller et al., 2010). Despite the 
presence of two PSBS gene isoforms in the genome, no one had, until recently, reported finding 
expression of the protein. This may have been because the antibodies raised against the barley 
(Hordeum vulgare) PSBS protein (Bonente et al., 2008a) and the At.PSBS protein (Li et al., 2002a) 
do not recognize the natively expressed Cr.PSBS protein, or it may be because the Cr.PSBS protein 
is not expressed under the tested conditions (Bonente et al., 2008a). The anti-barley PSBS antibody 
does, however, recognize recombinant reconstituted Cr.PSBS using the native sequence (Bonente et 
al., 2008a). When the gene was expressed in C. reinhardtii under the strong constitutive PsaD 
promoter, protein was identified in the whole cell lysate, though none was detected in the thylakoid 
membrane fraction (Bonente et al., 2008a), and the authors of the study concluded that PSBS 
probably has a different function in C. reinhardtii than a role in photoprotection. The rapid 
transcriptional response observed upon light exposure supports that PSBS may still play a role in 
photoprotection, and when taken together with the protein over-expression results, these data 
support a model where photoprotective PSBS expression is regulated, transient, and may not require 
a high level of accumulation. But what is it doing? 
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3.2.1 Hypotheses regarding the possible role of PSBS 
 Could PSBS be targeted somewhere other the thylakoid membrane of C. reinhardtii? And if 
so, what is its role in the cell? Could this role help us to understand how it became the dominant 
quenching mechanism in vascular terrestrial plants, whearas it is not required by unicellular green 
algal species for qE? Is C. reinhardtii just uniquely unable to use PSBS while the protein would be 
functional in a system that recognizes a PSBS-mediated quenching pathway? This could be the case, 
since the sequence of Cr.PSBS is quite similar to that of At.PSBS, and the two functional glutamate 
residues are conserved (Figure 3.1). The amino-terminal chloroplast transit peptide of Cr.PSBS, 
however is noticeably unique. This work set out to see if Cr.PSBS is functional for quenching in a 
system equipped to perform PSBS-mediated quenching. 
 

 
Figure 3.1 
Alignment of PSBS protein sequences from C. reinhardtii  and A. thaliana  
The PSBS gene from C. reinhardtii has high protein sequence identity to At.PSBS, including conservation of the two 
essential lumenal glutamate residues, Glu-122 and Glu-226, indicated by red stars. All plant expression constructs 
described in this thesis that were used for testing transient expression in N. benthamiana and stable transgenic expression 
in A. thaliana use the chloroplast transit peptide sequence from At.PSBS, which is the first 54 residues of the sequence. 
The anti-PSBS antibody was raised against the At.PSBS peptide epitope labeled in black. 
 
 
3.3 Transient expression of Cr.PSBS in Nicotiana 
benthamiana 
 
3.3.1 Chloroplast transit  peptide recognition across species  
 Our first test was to see if Cr.PSBS, with its native chloroplast transit peptide (Cr.PSBS-
nTP), could be expressed and functional in a plant system. N. benthamiana leaves were infiltrated 
with A. tumefaciens containing a pEarleyGate100 plasmid encoding the cDNA-derived coding 
sequence of Cr.PSBS. Two versions of Cr.PSBS-nTP were tested, one with a carboxy-terminal 
FLAG epitope tag (Cr.PBS-nTP+), and one without the FLAG tag (Cr.PSBS-nTP-). The native 
Cr.PSBS sequence was compared to transient expression of a construct that has the 54-residue 
chloroplast transit peptide from At.PSBS and the carboxy-terminal FLAG epitope tag (referred to as 
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Cr.PSBS). At.PSBS was used as a positive control, the Cr.PSBS QQ mutant was used as a negative 
control, and GUS as an expression control. Neither of the Chlamydomonas native chloroplast transit 
peptide constructs (Cr.PSBS-nTP+/-) was expressed in planta, whereas both At.PSBS and Cr.PSBS 
were expressed (Figure 3.2). 
 

 
Figure 3.2 
Test of transient expression of Cr.PSBS with and without the algal chloroplast 
transit peptide 
The native PSBS sequence from C. reinhardtii is not expressed by N. benthamiana, while the sequence containing the 
At.PSBS chloroplast transit peptide is expressed and results in additional quenching over the background level of the leaf. 
The level of quenching by Cr.PSBS is comparable to that of At.PSBS when transiently expressed for 48 hours in N. 
benthamiana leaves. 
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Expression of the Cr.PSBS construct with the At.PSBS chloroplast transit peptide in N. 
benthamiana leaves results in increased quenching relative to the background of the leaf and the 
GUS negative control (Figure 3.2). Just as was shown with expression of heterologous At.PSBS in N. 
benthamiana, even at high levels Cr.PSBS does not disrupt the stability of solubilized thylakoid 
membrane complexes when evaluated using blue native PAGE of isolated thylakoids purified from 
N. benthamiana chloroplasts that have been gently solubilized with the detergent n-dodecyl-α-D-
maltopyranoside (Figure 3.3). Cr.PSBS is distributed throughout the solubilized complexes, even 
more so than At.PSBS. Also in contrast to the expression of At.PSBS in N. benthamiana leaves is that 
the Cr.PSBS protein appears to be processed or degraded as shown by SDS-PAGE analysis of the 
isolated solubilized thylakoid membrane complexes. Most likely these are alternative truncations that 
differ at the amino-terminal end of the protein, resulting in lower molecular weight versions (Figure 
3.3). Together, these results show Cr.PSBS accumulates in the thylakoid membrane when expressed 
in a plant system and that it can perform some functional role in inducing quenching, but there are 
differences between At.PSBS and Cr.PSBS.  

 

 
Figure 3.3 
Analysis of thylakoid membrane complexes from N. benthamiana leaves transiently 
expressing Cr.PSBS and At.PSBS proteins 
The stability of solubilized thylakoid membrane complexes present in uninfiltarated leaves of N. benthamiana are the 
same in leaves expressing heterologous proteins, including At.PSBS, At.PSBS QQ, Cr.PSBS, Cr.PSBS QQ, and even 
Cr.LHCSR3. The localization of these proteins within those complexes varies, however. At.PSBS is associated with a few 
complexes, while Cr.PSBS is associated with many complexes throughtout the thylakoid membrane. LHCSR is only 
associated with a few high molecular-weight complexes. Denaturing SDS-PAGE analysis of the solubilized thylakoid 
membranes also shows that Cr.PSBS is differentially processed, resulting in multiple products that maintain the FLAG-
epitope tag, while At.PSBS and Cr.LHCS3 are not processed or degraded. 
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3.3.2 Non-functional Cr.PSBS QQ and At.PSBS QQ mutants 
competitively inhibit native PSBS in N. benthamiana   
 Because Cr.PSBS can induce quenching in planta, we also set out to see if alteration of the 
conserved lumenal glutamate residues that render At.PSBS non-functional would do the same for 
Cr.PSBS. When the At.PSBS QQ mutant is expressed in N. benthamiana, qE capacity of the 
infiltrated spot is significantly lower than the spots expressing the non-mutated copy (Figure 3.4). 
The Cr.PSBS QQ mutant works similarly, also showing reduced NPQ capacity in the infiltrated 
spots (Figure 3.4). 
 
 

Figure 3.4 
Transient expression of PSBS and non-functional PSBS constructs in N. 
benthamiana  
Leaf spots expressing At.PSBS or Cr.PSBS show increased quenching relative to the background of the leaf. Mutations 
changing the functional glutatmate residues in each protein construct to non-acidic glutamines results in diminished 
quenching, near the same level as the background quenching observed in the uninfiltarted leaf and the negative GUS 
control. 
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3.4 Stable Cr.PSBS expression partial ly rescues the NPQ 
defect of the Arabidopsi s  thaliana  npq4-1 mutant 
 

Transient expression of Cr.PSBS showed that the algal PSBS protein could be functional in a 
system that is permissive to PSBS-mediated quenching. To confirm this quenching phenotype, we 
created homozygous transgenic lines of the npq4-1 mutant of A. thaliana expressing the Cr.PSBS 
construct with a plant chloroplast transit peptide. Using the same CaMV 35S promoter construct as 
was used for transient expression, plants expressing the Cr.PSBS protein were selected and then 
propagated to the homozygous T3 generation. The homozygous plants do show a partially rescued 
NPQ phenotype at four weeks old when compared to npq4-1 mutant plants and Columbia-0 wild 
type plants (Figure 3.5). 

 
 

Figure 3.5 
Cr.PSBS partial ly rescues qE-deficient npq4-1  phenotype in A. thaliana 
As observed with transient expression in the N. benthamiana leaves, stable transgenic npq4-1 A. thaliana lines expressing 
the same Cr.PSBS protein construct show a partial rescue of qE, intermediate between the Columbia-0 level and the 
npq4-1 mutant background level. 
 

Although the transient expression assay in N. benthamiana showed Cr.PSBS to be nearly as 
good at quenching as the At.PSBS protein, in the stably tansformed lines Cr.PSBS is much less 
efficient at inducing quenching. To ensure that Cr.PSBS from this expression vector in transgenic A. 
thaliana lines is representative of the native protein, we wanted to compare rescue by Cr.PSBS to 
that of At.PSBS and the At.PSBS QQ non-functional protein expressed from the same expression 
vector and in the same genetic background. I only had to time to propagate the lines to the T2 
generation, but discovered that the protein expression in these lines was silenced before the plants 
were even four weeks old (Figure 3.7). Comparable expression and fluorescence data is not yet 
available for these two lines. Previous studies evaluating the At.PSBS QQ mutant have not observed 
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any rescue of quenching from the non-functional mutant, however the expression vector used in that 
work had the wild-type gene and the mutant gene under the native promoter (Li et al., 2004), so 
there may be a difference using the CaMV 35S promoter, which we would like to further explore in 
the near future. 

To look at the effect of expressing high levels of Cr.PSBS relative to the background npq4-1 
and Columbia-0 wild type plants, we analyzed isolated solubilized thylakoid membrane complexes 
from transformed lines expressing Cr.PSBS, as well as those that had been expressing At.PSBS QQ 
as seedlings and compared them to each of the genetic background lines using BlueNative-PAGE of 
tissue from seven week-old plants. There is no discernible difference in the solubilized membrane 
complexes between the wild type Columbia-0 tissue, the npq4-1 mutant background, and each of the 
transformant lines when thylakoid membranes were solubilized with n-dodecyl-α-D-
maltopyranoside or with n-dodecyl-β-D-maltopyraoside (Figure 3.6). Immunoblot of the native 
complexes of the npq4-1 tissue compared to the Cr.PSBS expressing line, using an anti-FLAG 
primary antibody shows that Cr.PSBS is associated with many complexes in the membrane (Figure 
3.6), which is the same as was seen with the N. benthamiana tissue transiently expressing Cr.PSBS. 
High expression of the Cr.PSBS does not disrupt the solubilized membrane complexes, so the partial 
rescue caused by this protein is not due to widespread antenna complex rearrangements or instability 
in the membrane, but the protein is widely associated throughout all the complexes. Furthermore, 
the Cr.PSBS protein is again observed to be differentially truncated in A. thaliana thylakoids, as was 
seen in the biochemical analysis of N. benthamiana thylakoid membranes. The mechanism of 
quenching employed by the Cr.PSBS-expressing plants may not be the same as those that express the 
native At.PSBS.  

The T2 lines transformed with the At.PSBS QQ construct were silenced as seedlings, which 
is confirmed by immunoblot analysis of the 1D Native-PAGE of solubilized isolated thylakoid tissue 
as well as the SDS-PAGE of both the solubilized thylakoids (Figure 3.6) and leaf punches from 
plants the same plants at two, four, and seven weeks old (Figure 3.7). Because there is no signal in 
either the isolated thylakoids or the whole cell lysate derived from leaf punches, the constructs were 
silenced, as opposed to faulty chloroplast import of the heterologous protein. This experiment will 
be redone with T3 generation homozygous lines in the future with plants at an earlier age to ensure 
expression. 
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Figure 3.6 
Analysis of thylakoid membrane complexes in transgenic A. thaliana npq4-1 l ine 
expressing Cr.PSBS 
Lane 1 = Columbia-0 tissue 
Lane 2 = npq4-1 tissue 
Lane 3 = homozygous T3 line expressing Cr.PSBS in npq4-1 genetic background 
Lane 4 = T2 line expressing At.PSBS QQ in npq4-1 genetic background 
 
Separation of complexes from thylakoid membranes solubilized by n-dodecyl-α-D-maltopyranoside (α-DM) or by n-
dodecyl-β-D-maltopyranoside (β-DM) detergents by BlueNative-PAGE shows no difference in overall membrane 
architecture between the wild type Columbia-0, the qE-deficient npq4-1 mutant, or the Cr.PSBS expressing transgenic 
line. Cr.PSBS is associated with multiple complexes in the membrane, a result that has been previously observed by 
others in DeriphatPAGE analysis (Teardo et al., 2007). While protein expression was observed in leaf punches of the 
At.PSBS QQ transgenic plant, and insertion of the At.PSBS QQ mutant gene sequence was verified by PCR, no protein 
accumulation is identified in the isolated thylakoid tissue as evaluated by anti-FLAG immunoblotting of the native 
samples. In case the epitope is occluded in the native samples, the same solubilized membrane samples were analyzed by 
SDS-PAGE 40 hours after preparation, and still only the Cr.PSBS line has detectable denatured protein accumulation 
recognized by anti-FLAG immunoblotting. Degradation of the Cr.PSBS protein appears to have begun during the 24-
hour incubation in either detergent solution. 
 
 



76 

 
Figure 3.7 
Silencing of heterologous protein expression in transgenic A. thaliana l ines at 2, 4, 
and 7 weeks 
Tissue from the same plants at 2 weeks, 4 weeks, and 7 weeks old shows that while Cr.PSBS expression was maintained, 
At.PSBS QQ expression was lost sometime after 2 weeks of growth. 
 
 
3.5 Discussion and future work 
 
 Structural analysis of PSBS from isolated from spinach showed that PSBS forms a dimer, 
both in the protein crystal and under physiological conditions (Fan et al., 2015). There are many 
possible reasons why the algal PSBS may not function, either as efficiently or at all, in qE in plants, 
however a partial rescue of the quenching phenotype is observed in stable transgenic A. thaliana 
lines. The disparity between the level of quenching seen during transient expression in N. 
benthamiana and stable expression in A. thaliana supports that this may be a matter of regulation or 
specific interaction that cannot be recapitulated when Cr.PSBS is constitutively expressed in A. 
thaliana. Perhaps Cr.PSBS is unable to form a stable dimer in the plant system? Or maybe Cr.PSBS 
cannot interact at the proper site of action because a binding interface on At.PSBS is too specific to 
allow Cr.PSBS to bind? This work would be strengthened by TCSPC data, to identify if the 
characteristics of quenching caused by Cr.PSBS are similar to the wild type, or if introduction of the 
Cr.PSBS protein into the plant system creates an entirely different fluorescent lifetime component. 
Perhaps the Cr.PSBS protein only fulfills part of the function of the native PSBS, playing some role 
in membrane dynamics, but is unable to activate rapid dissipation.  
 This experiment will be repeated using homozygous lines with confirmed, sustained 
expression of Cr.PSBS, At.PSBS, Cr.PSBS QQ, and At.PSBS QQ. 
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Chapter 4 

Exploring a functional relationship between 
PSBS and LHCSR3 from Chlamydomonas 
reinhardtii   

 
 
4.1 Abstract 
 
 LHCSR-mediated quenching pathways comprise the dominant quenching mechanism for 
unicellular green algal species, but LHCSR-like genes are no longer present in vascular terrestrial 
plant species. PSBS genes, however, are present throughout the green lineage, even though only 
terrestrial plants have been shown to use a PSBS-mediated quenching pathway. We have been 
exploring whether PSBS from C. reinhardtii may function in the same way as the plant protein in 
planta, but this does not account for any potentially different roles the protein may play in the more 
basal branches of the green lineage. Furthermore, it is not certain why LHCSR was lost from 
terrestrial plant species. In this chapter I explore the ability of Cr.LHCSR3 to influence quenching 
in A. thaliana, and subsequently, whether Cr.LHCSR3 and Cr.PSBS may both have a quenching 
function, as they do in the bryophyte moss, Physcomitrella patens. 
 
 
4.2 LHCSR- and PSBS-mediated quenching pathways 
function independently and additively in the bryophyte moss,  
Physcomitrel la patens 
 

An evolutionary analysis of photoprotective proteins in the green lineage shows that algal 
species utilize an LHCSR-mediated quenching pathway, but that homologs of LHCSR are no longer 
present in vascular plants (Figure 4.1) (Gerotto & Morosinotto, 2013). PSBS-mediated quenching 
pathways have been observed in vascular and non-vascular terrestrial plants, as well as the Charales 
and Zygnematales orders of algae (Bonente et al., 2008a; Gerotto & Morosinotto, 2013). The 
bryophyte moss, Physcomitrella patens, a non-vascular terrestrial plant uses both an LHCSR- and 
PSBS-mediated quenching pathway (Alboresi et al., 2010; Gerotto & Morosinotto, 2013). In P. 
patens, LHCSR-mediated quenching behaves in a similar manner to that of C. reinhardtii, and 
likewise PSBS-mediated quenching behaves in a similar manner to the PSBS of A. thaliana. No 
other organisms with both pathways have been characterized. While our results show that 
contributions from the two LHCSR proteins of C reinhardtii account for all of qE, it is unknown 
whether there is also a role for Cr.PSBS in photoprotection. New information about the expression 



79 

of PSBS in C. reinhardtii motivates us to take a fresh look at the role Cr.PSBS may be playing in the 
LHCSR-mediated quenching mechanism of the green alga.  

 

 
Figure 4.1 
Evolution of stress response LHC proteins in the green lineage 
Genome, transcript, and protein expression analysis from multiple sources show that a PSBS-like gene is present 
throughout the green lineage. While LHCSR-like genes are found amongst the algae of the green lineage, LHCSR-like 
genes are not present in vascular terrestrial plants. Genes for PSBS are present amongst the most basal chlorophyte algae, 
but no protein expression has been found. 
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4.3 Expression of Cr.LHCSR3 in Arabidopsi s  thaliana  
 
 Even though transient expression of Cr.LHCSR3 in N. benthamiana did not show a strong 
quenching phenotype, we generated homozygous transformant lines in A. thaliana to compare how a 
transient phenotype may differ from a stable transgenic line. Very similar work expressing the 
LHCSR protein from P. patens was recently published, where the quenching phenotype was not 
detected in transient expression in N. benthamiana but was noticeable in stably transformed N. 
tabaccum lines (Pinnola et al., 2015).  

The Cr.LHCSR3 expression construct was introduced into npq4-1 mutant A. thaliana, and 
successful transformants were selected and propagated to the T2 generation for analysis. These 
transgenic lines showed no quenching phenotype (Figure 4.2). The Cr.LCHSR3 expression 
construct was also introduced into Columbia-0 wild type A. thaliana, and these transgenic lines 
showed a higher quenching capacity than the wild-type background line when the plants were 
seedlings (Figure 4.2). By introducing a heterologous stress response LHC protein, Cr.LHCSR3, 
into a plant system with its endogenous PSBS protein, we see enhanced quenching, leading to the 
hypothesis that perhaps LHCSR may require PSBS for its quenching function. This is further 
supported by the complete absence of signal in the Nb.PSBS-silenced leaves of N. benthamiana, 
which did not display the rapid early quenching phenotype seen in wild type N. benthamiana leaves 
(Figure 2.18). Like the PSBS-expressing T2 lines, however, the lines expressing LHCSR were also 
silenced between the age of two weeks and four weeks. Additional biochemical analysis will be done 
in the future. 
 
 

Figure 4.2 
A. thaliana l ines expressing Cr.LHCSR3 
When Cr.LHCSR3 is expressed in the PSBS-deficient npq4-1 mutant background, there is no increase in quenching, but 
when Cr.LHCSR3 is expressed in the Columbia-0 wild type background additional quenching is observed over the 
background level. 
 
 



81 

4.4 Transient co-expression of Cr.LHCSR3 and Cr.PSBS in 
Nicotiana benthamiana 
 
 As discussed in Chapter 3, if PSBS has two roles – a role in altering the arrangement of the 
thylakoid membrane complexes to accommodate quenching, and a role as the trigger for quenching 
– then maybe Cr.PSBS only plays one of these roles. Or, perhaps an interaction that occurs between 
Cr.PSBS and Cr.LHCSR3 would not be observed between At.PSBS and Cr.LHCSR3 due to 
species-level specificity of the binding interaction. To speed the time required for screening of a 
possible cooperative effect between Cr.LHCSR3 and PSBS, I transiently co-expressed Cr.LHCSR3 
with Cr.PSBS and At.PSBS in mature leaves of N. benthamiana, to evaluate whether co-expression 
results in a significant phenotypic effect. I also co-expressed Cr.LHCSR3 with the At.PSBS QQ 
mutant and the Cr.PSBS QQ mutant to identify whether the pH-sensing sites are still necessary for 
quenching when the two proteins are together, or if solely a binding interaction can accomplish the 
same cooperative effect. As Figure 4.3 demonstrates, the combined expression of Cr.LHCSR3 and 
either PSBS protein results in enhanced quenching relative to the background of the leaf, the GUS 
negative control, and each protein expressed alone. Co-expression of Cr.LHCSR3 with either of the 
PSBS QQ mutants, however, did not enhance quenching in the N. benthamiana leaves. While the 
early induction seen with Cr.LHCSR3 expression alone is less apparent in the co-expression spots, 
the induction is more rapid than with either At.PSBS or Cr.PSBS expressed alone, and the final 
quenching capacity after induction is also higher than for any of proteins expressed alone. The qE 
capacity for spots expressing Cr.LHCSR3 alone is only slighter higher than the background 
quenching of the leaf, but when Cr.LHCSR3 is expressed together with either Cr.PSBS or At.PSBS, 
leaf spots show more than an additive effect in quenching, especially during the initial time points.  
 
 
4.5 Discussion and future work 
 

While the transient co-expression of Cr.LHCSR3 and Cr.PSBS results in a significant 
increase in quenching, we would like to see if this is still observed in a stable transgenic plant line. 
Crosses are underway to create homozygous lines expressing both Cr.LHCSR3 and Cr.PSBS in the 
npq4-1 genetic background of A. thaliana. Because addition of Cr.LHCSR3 to the Columbia-0 
background showed higher NPQ capacity, we want to confirm the potential interaction between 
Cr.LHCSR3 and either Cr.PSBS or At.PSBS, in the absence of the native At.PSBS. 

Although PSBS genes are present in C. reinhardtii, protein expression has not been observed, 
nor is PSBS thought to be necessary for qE in C. reinhardtii, as evidenced by the LHCSR1 and 
LHCSR3 results described in Section 2.1. Work by Correa-Galvis and colleagues (2016b), however, 
has turned these hypotheses over, by using a Cr.PSBS-specific antibody to measure expression of the 
Cr.PSBS protein in a transient burst at the onset of high light. Silencing of the gene using artificial 
micro-RNA results in lowered LHCSR3 protein expression and a qE defect (Correa-Galvis et al., 
2016b). It is unclear if the artificial micro-RNA lines influence LHCSR expression, or if PSBS is 
somehow required for proper expression, function, or stability of LHCSR3. These results from 
Correa-Galvis er al. (2016b), along with the often-frustrating observations recorded in this thesis, 
support that high levels of expression of PSBS cannot enhance quenching in C. reinhardtii in the 
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same manner that it would in A. thaliana or N. benthamiana. These results provide motivation to 
look for additional regulatory steps in the quenching pathway that are not yet characterized.  

 

 
Figure 4.3 
Coexpression of Cr.LHCSR3 with PSBS results in increased quenching in N. 
benthamiana leaves 
Co-infiltration of Cr.LHCSR3 with either At.PSBS or Cr.PSBS results in enhanced quenching, significantly higher than 
what is observed when any of the constructs are expressed individually. These results motivate us to explore whether 
LHCSR3 and PSBS may act together for photoprotection in C. reinahardtii. 
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Because we observed a potentially novel quenching pathway in the mutants of Cr.LHCSR3 
that target putative pigment-binding sites, I have also introduced these constructs into npq4-1 and 
Columbia-0 A. thaliana lines. These transgenic plants have not yet been characterized, but may 
provide a stable system for studying the effect of these mutations on Cr.LHCSR3. 
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Chapter 5 

Establishing a new model organism for 
studying the evolution of qE in eukaryotic 
photosynthetic organisms 

 
 
5.1 Building a toolkit  for working with new model organisms 
 
5.1.1 Nannochloropsis  oceanica CCMP1779 

Nannochloropsis species are of the class Eustigmatophyceae of the phylum Heterokontophyta 
(van den Hoek et al., 1995). Heterokonts are a diverse algal group that includes brown algae and 
diatoms. The plastid in this alga is derived from a secondary endosymbiotic event and is surrounded 
by four membranes (Reyes-Prieto et al, 2007). N. oceanica has received renewed attention in the 
scientific literature as a strain with industrial application, since Nannochloropsis species accumulate 
high concentrations of lipid per cell (Vieler et al, 2012a; Vieler et al., 2012b). In an attempt to gain 
greater insight into the biological mechanisms that allow for high lipid accumulation, and since N. 
oceanica is evolutionarily distant from the best-described model alga, C. reinhardtii, this organism is 
being developed as a new model alga. In order to provide a resource for the research community, the 
genome of the organism was sequenced and assembled (Vieler et al., 2012b). Since the downstream 
metabolic processes of N. oceanica are so valuable, the photosynthetic machinery of N. oceanica is a 
rich place to begin characterizing this organism.  
 
5.1.2 Identif ication of photosynthesis  related genes in Nannochloropsis  
oceanica 

Photosynthesis is an essential physiological process in N. oceanica CCMP1779 because it is 
an obligate photoautotroph. Proteins involved in photosynthesis are encoded by both the nuclear 
and plastid genomes in eukaryotic algae, but the draft genome includes only the nuclear genomic 
sequences. I searched for and annotated nuclear genes that encode components of the photosynthetic 
linear electron transport chain, including components of the PSI reaction center, the PSII reaction 
center, the cytochrome b6/f complex, ATP synthase, and the electron carriers (Table 5.1). 
CCMP1779 contains ATPD, PETM, and PSBX genes in the nucleus, in contrast to other 
heterokont algae, for which these genes are found in the plastid genome. 

CCMP1779 has integral thylakoid membrane hight-harvesting complexes, like green algae. 
The most abundant of these pigment-binding antenna proteins are part of the light-harvesting 
complex (LHC) superfamily of proteins (Green et al., 1991). Analysis of genes encoding proteins 
homologous to LHC proteins shows that CCMP1779 has genes for at least 20 members of the LHC 
superfamily. These members belong to three distinct clades of LHC proteins (Figure 5.1, Table 5.2): 
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one group related to the major fucoxanthin-chlorophyll protein (FCP)-like LHCs or the LHCFs of 
diatoms (Grossman et al., 1990), a second group related to the red-algal-like LHCs known as 
LHCRs (Nymark et al., 2009) and a third group of stress-responsive LHC proteins known as 
LHCSRs in green algae and bryophytes (Peers et al., 2009; Alboresi et al., 2010) and LHCXs in 
diatoms (Zhu & Green, 2008). However, no genes encoding the PSBS protein were identified, 
which is essential for the photoprotective qE component of NPQ in plants (Li et al., 2000), and 
contributes to qE in bryophytes (Alboresi et al., 2010). 

CCMP1779 makes chlorophyll a but lacks any accessory chlorophyll pigments, and it 
produces predominantly violaxanthin and vaucheriaxanthin-esters as the major light-harvesting 
accessory carotenoid pigments, which are associated with the antenna proteins (Brown, 1987) (Table 
5.3). Genes homologous to the carotenoid biosynthetic genes of terrestrial plants and green algae are 
present in the CCMP1779 genome, except for a clear ortholog of carotene isomerase (Table 5.3). 
Consistent with the exclusive presence of β-xanthophylls, only a single lycopene β-cyclase gene was 
found (Table 5.3). Furthermore, unlike plants, only a single carotene hydroxylase gene (of the 
cytochrome P450 type rather than a di-iron hydroxylase) is present (Table 5.3). 

As described by Sukenik et al. (2000), the LHC superfamily proteins in N. oceanica are 
referred to as violaxanthin-chlorophyll proteins (VCPs). CCMP1779 contains a protein homolog 
with 96% identity and 95% coverage at the protein level of the VCP protein of another 
Nannochloropsis strain (Sukenik et al., 2000). A homolog of the VCP1 gene has also been described 
by Kilian et al. (2011) in another Nannochloropsis isolate. This group also identified a second LHC 
gene called VCP2. Homologs of both these genes are found in CCMP1779, which have 99% and 
100% identity, respectively, at the nucleotide sequence level. 
 Based on sequence similarity, there are also members of the LHC superfamily in 
CCMP1779 that might function in photoprotection as opposed to light harvesting. Four of the 
identified putative VCP proteins have higher similarity to LHCSR and LHCX protein sequences 
than the other LHC types, and we hypothesize that some or all of these function in qE. The role of 
these four LHCSR-like homologs is being investigated. 

CCMP1779 has a gene encoding a highly conserved violaxanthin de-epoxidase (VDE) 
protein like that found in plants (Table 5.3). In A. thaliana, VDE is responsible for the conversion of 
violaxanthin to antheraxanthin and zeaxanthin, in a process known as the xanthophyll cycle. 
Violaxanthin and zeaxanthin have a well-established role as pigment ligands for plant LHCII 
complexes (Liu et al., 2004) and as quenchers of triplet chlorophyll and singlet oxygen in the 
thylakoid membrane (Demmig-Adams et al., 1996). Furthermore, zeaxanthin and/or antheraxanthin 
are necessary for maximum in vivo qE induction in A. thaliana  (Niyogi et al., 1997a). 
Nannochloropsis has been shown to utilize the xanthophyll cycle in high light, and the activity 
appears to be somewhat dependent on temperature acclimation of the cells (Gentile & Blanch, 
2001). 
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Figure 5.1 
Tree of identified N. oceanica  VCP protein sequences 
Yellow circles represent sequences from Nannochloropsis oceanica CCMP 1779. [Figure from Vieler et al., 2012b.] 
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Table 5.1  
Putative genes identified to be involved in photosynthetic electron transport in 
CCMP1779. 

Description 
Gene 
Name Gene Model ID 

Cytochrome b6/f Complex     

Rieske Fe-S subunit of Cytochrome b6-f Complex PETC CCMP1779_1077-mRNA-1 
Cytochrome b6-f Complex subunit IV PETD1 nanno_2528:785..1264 1,2  

 
PETD2 nanno_6709:10149..10859 2 

Cytochrome b6-f Complex subunit PETM nanno_24:8196..7864 1,2 

Cytochrome b6-f Complex subunit VIII PETN Not Found 

   

Soluble Electron Carriers      

Plastocyanin PETE1 nanno_963:17795..18553  2 

Ferredoxin PETF1 NannoCCMP1779_7894-mRNA-1 

 
PETF2 NannoCCMP1779_3054-mRNA-1 

 
PETF3 NannoCCMP1779_2102-mRNA-1 

Cytochrome c553 
 

Not Found 
Ferredoxin-NADP oxidoreductase FNR1 nanno_1036:17495..20160  2 

 
FNR2 nanno_427:12789..11620  2 

 
FNR3 snap_masked-nanno_87-abinit-gene-0.5  4 

 
FNR4 NannoCCMP1779_2013-mRNA-1 

 
FNR5 

augustus_masked-nanno_3186-abinit-gene-0.3 

4 

 
FNR6 CCMP1779_5041-mRNA-1 

   

Photosystem I     

PSI subunit II PSAD1 nanno_727:57421..58384 2 

 
PSAD2 NannoCCMP1779_1336-mRNA-1 

PSI subunit IV PSAE nanno_2655:6951..6687 2 

PSI subunit III PSAF nanno_2570:15982..19244 2 
PSI subunit V PSAG Not Found 

PSI subunit VI PSAH nanno_798:86361..86944 2 
PSI subunit X 

 
Not Found 

PSI subunit XI PSAL nanno_1707:204..719 2 

PSI subunit N PSAN nanno_812:37141..36722 2 
   

Photosystem II      

PSII subunit M PSBM NannoCCMP1779_10463-mRNA-1 

PSII Manganese-Stabilizing Protein PSBO 
augustus_masked-nanno_6323-abinit-gene-0.1 

4 
PSII Oxygen-Evolving Complex 23 PSBP NannoCCMP1779_11420-mRNA-1 
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PSII Oxygen-Evoloving Complex Enhancer Protein 
3 PSBQ Not Found 

PSII subunit R PSBR Not Found 
PSII 12KDa Extrinsic Protein PSBU CCMP1779_6260-mRNA-1 

PSII 13KDa Protein PSBW CCMP1779_10160-mRNA-1 

PSII subunit X PSBX nanno_243:28102..28984 2,3 
Thylakoid Lumenal 17.4KDa Protein p17.4 CCMP1779_4019-mRNA-1 

   

ATP Synthase     

ATP Synthase CF1 γ chain ATPC1 
augustus_masked-nanno_5244-abinit-gene-0.0 

4 

 
ATPC2 NannoCCMP1779_6999-mRNA-1 

 
ATPC3 

augustus_masked-nanno_1453-abinit-gene-0.0 

4 
ATP Synthase CF1 δ subunit ATPD1 NannoCCMP1779_10955-mRNA-1 

 
ATPD2 nanno_6106:166..811 2 

ATP Synthase CF0 subunit B' ATPG Not Found 

   
 1 partial sequence,  
 2 ambiguous structural annotation, coordinates are given (contigID:start.stop)  
 3 ambiguous functional annotation  
 4 these gene models are from augustus or snap gene annotation and deemed a better model after manual examination 
 
In cases where no gene model was structurally annotated, genome coordinates are given. [Table from Vieler et al., 
2012b]. 
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Table 5.2  
Genes predicted to encode for violaxanthin-chlorophyll  binding proteins (VCP) in 
CCMP1779  

Name in Tree 
(Fig.  6) 

ID LHC-Type 

1 CCMP1779_8367-mRNA-1 F-type 

2 CCMP1779_4699-mRNA-1 F-type 
3 CCMP1779_3700-mRNA-1 R-type 

4 CCMP1779_10562-mRNA-1 R-type 

5 CCMP1779_10564-mRNA-1 F-type 
6 CCMP1779_9414-mRNA-1 R-type 

7 CCMP1779_11954-mRNA-1 R-type 

8 CCMP1779_6809-mRNA-1 LHCSR-like 
9 CCMP1779_6828-mRNA-1 R-type 

10 CCMP1779_11487-mRNA-1 R-type 
11 CCMP1779_8196-mRNA-1 R-type 

12 CCMP1779_11886-mRNA-1 R-type 

13 CCMP1779_8305-mRNA-1 R-type 
14 CCMP1779_6226-mRNA-1 LHCSR-like 

15 CCMP1779_35-mRNA-1 R-type 

16 CCMP1779_904-mRNA-1 R-type 
17 CCMP1779_10420-mRNA-1 R-type 

18 CCMP1779_5333-mRNA-1 R-type 
19 CCMP1779_6137-mRNA-1 F-type 

20 nanno_220:23958..25565 1 R-type 
 1 ambiguous structural annotation, genome coordinates given 
 
Type designation of each VCP is from the phylogenetic tree (Figure 5.1). [Table from Vieler et al., 2012b]. 
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Table 5.3  
Identified genes putatively involved in xanthophyll  synthesis 
Description Gene Name Gene Model ID 

Carotenoid Biosysnthesis      

Geranylgeranyl Pyrophosphate Synthase GGPS1 CCMP1779_9014-mRNA-1 

 
GGPS2 CCMP1779_378-mRNA-1 

 
GGPS3 CCMP1779_3156-mRNA-1 

 
GGPS4 CCMP1779_3532-mRNA-1 

Phytoene Syntase PSY CCMP1779_10288-mRNA-1 
Phytoene Desaturase PDS CCMP1779_4801-mRNA-1 

ζ-Carotene Isomerase ZISO maker-nanno_856-snap-gene-0.25-mRNA-1 1 
ζ-Carotene Desaturase ZDS CCMP1779_501-mRNA-1 
Carotene Isomerase  Not found 

Lycopene b-Cyclase LCYB CCMP1779_4993-mRNA1 
Di-iron Carotene Hydroxylase  Not found 

Zeaxanthin Epoxidase ZEP CCMP1779_6822-mRNA-1 

Violaxanthin DeEpoxidase VDE 2 
CCMP1779_11477-mRNA-1 
CCMP1779_11475-mRNA-1 

Neoxanthin Synthase NXS CCMP1779_11764-mRNA-1 
   
 1 these gene models are from augustus or snap gene annotation and were deemed a better model after manual 
examination 
 2 gene found on two contigs, incomplete model 
[Table from Vieler et al., 2012b]. 
 
 
5.2 Acknowledgements 
 
With permission from the authors, some elements of the chapter have been adapted from the 
following published article:  
 
Vieler,  A.,  Wu, G., Tsai,  C.H., Bullard, B.,  Cornish, A.J. ,  et al . (2012b) Genome, 

Functional Gene Annotation, and Nuclear Transformation of the Heterokont Oleaginous 
Alga Nannochloropsis oceanica CCMP1779. PLoS Genetics 8(11): e1003064.  

 
  



91 

Chapter 6 

Materials  and Methods 

 
 
6.1 Growth Conditions 
 
Algal Growth 
 C. reinhardtii cultures were maintained on TAP plates, unless specified otherwise. Cells 
screened for fluorescence phenotype were grown on HS minimal media plates at high light (350-400 
µmol photons m-2 s-1) or low light (~40 µmol photons m-2 s-1) for 5 days and then analyzed by Video 
Imager analysis (Figure 6.1). Cell lines were selected for chlorophyll fluorescence analysis by the 
Hansatech Fluorescence Monitoring System (FMS2) were grown in 50 mL HS at high light or low 
light for 5 days, and measured during early log phase while at a culture density of 1-3x106 cells/mL. 
 
 

Figure 6.1 
Video imager analysis schematic 
The video imager system uses a blue actinic light to excite Chl in the sample, and measures the resulting fluorescence. 
[Adapted from Niyogi et al., 1997a]. 
 
Plant Growth 

N. benthamiana seeds were planted in Sunshine soil mix #4 and grown in 12 hour day/night 
cycles in a Conviron growth chamber with light intensity ranging from 60-100 µmol photons m-2 s-1. 
Tobacco plants used in this study were between 4-6 weeks old.  

A. thaliana seeds were sterilized in 70% EtOH for 10 minutes and planted on plates of MS 
media. Seeds were vernalized for 24-36 hours in the dark at 4°C, and then transferred to a short day 
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(8 hours light, 16 hours dark) growth cycle. Successful transformation was confirmed by growth on 
MS media containing BASTA. Seedlings with true leaves were transplanted to soil after 10 days of 
growth on MS media with BASTA. After two weeks on soil, chlorophyll fluorescence of single leaves 
was analyzed by Video Imager analysis to measure NPQ capacity. Leaf samples were processed for 
SDS-PAGE analysis of whole cell lysate and PCR amplification of the introduced gene using the 
Plant-PHIRE Direct Kit (Thermo Scientific) was used to confirm transformants had the proper 
sequence.  
 
 
6.2 Transformation and complementation  
 
6.2.1 Gene Sources 
Isolation of genetic material 

RNA from A. thaliana Columbia-0 ecotype and C. reinhardtii 4A+ was isolated using the 
TRIzol reagent (Life technologies) as per the manufacturer’s instructions. cDNA was generated with 
the Omniscript RT kit (Qiagen), and genes of interest were amplified using the primers listed in 
Appendix S1. Nuclear genomic DNA from C. reinhardtii was isolated by phenol-chloroform 
extraction from 4A+ cells (Harris, 1989). 
 
Algal expression plasmid construction 
 Genomic sequences for LHCSR1 and LHCSR2 were amplified from genomic DNA isolated 
from 4A+ wild type strain of C. reinhardtii, along with 1000bp of genomic sequence upstream and 
downstream of the genes, in order to capture the endogenous promoters. These genes were cloned 
into the entry vector pENTR-D according to the manufacturer’s directional TOPO cloning 
protocol (Life Technologies). The genes were then sequenced and cloned into a GATEWAY 
compatible vector using the GATEWAY LR Clonase II enzyme mix (Life Technologies). The 
GATWAY compatible vector, called pBC1 was created by cloning the GATEWAY compatible 
fragment from the pEarleyGate205 plasmid (Earley et al., 2006) into the XhoI sites of a vector made 
from pBluescript containing the paromomycin resistance gene for selection in C. reinhardtii. The 
GATEWAY compatible fragment is comprised of the ccdB suicide gene flanked by attR 
recombination sites.  
 
Plant expression plasmid construction 

AttB adapter sites were added to genes of interest by PCR and recombined into gateway-
compatible pDONR or pENTR entry vectors using BP Clonase II or the directional TOPO cloning 
kit, respectively (Life Technologies). These pDONR and pENTR vectors were used to recombine 
genes of interest into the pEarleyGate100 destination vector using LR Clonase II (Life 
Technologies).  
 
6.2.2 Chlamydomonas reinhardtii  
Nuclear genomic complementation by glass-bead method  

C. reinhardtii npq4 cells were transformed with the genomic clones of wild type LHCSR1 
and LHCSR2 genes, as well as any mutant LHCSR2 genes by the glass bead method described 
previously (McCarthy et al., 2004) and grown on TAP plates containing 10 µg/mL paromomycin. 
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Colonies were picked after 10 days growth in very low light (~20 µmol photons m-2 s-1), grown on 
minimal media and screened for NPQ capacity by the Video Imager analysis (Niyogi et al., 1997a). 
For wild type gene transformations, colonies showing restored NPQ were then tested for protein 
presence, and chlorophyll fluorescence was quantified by pulse-amplitude-modulation (PAM) 
fluorometry using the FMS2 (Hansatech). For mutant gene transformations, which do not rescue 
the NPQ phenotype, random colonies were selected and screened for protein expression and 
chlorophyll fluorescence.  
 
Nuclear genomic complementation by electroporation  

Coding sequence for LHCSR2 was PCR-amplified from cDNA stock extracted from a 4A+ 
wild-type culture of C. reinhardtii. A FLAG epitope tag was introduced onto the 3’-end of the gene 
directly before the stop codon. The coding sequence was cloned into the pBR9 plasmid (Rasala et 
al., 2012), between the PAR4 promoter and the 2A linker, upstream of the Streptoalloteichus 
hindustanus bleomycin resistance gene (sh-ble) using the InFusion PCR kit (Clontech). This plasmid 
expresses high levels of a fused mRNA encoding both the gene of interest and the zeocin resistance 
sh-ble gene. Electroporation protocol was done as described by Rasala et al. (2012). 
 
Chloroplast transformation by particle bombardment  

Chloroplast transformation was done using the p72-rbcL plasmid, as described by O’Connor 
et al., (1998) and Bateman & Purton (2000), and the particle bombardment method recommended 
by the manufacturer for the BioRad Biolistic PDS-1000/He system.  
 
6.2.3 Arabidopsis  thaliana  
Inflorescence transformation using Agrobacterium tumefaciens  
 A. thaliana inflorescences still with developing flowers were treated with A. tumefaciens cells 
containing the expression plasmid, resuspended in buffer with Silwet. Treated plants were kept 
covered for 18-24 hours, then grown in long day growth conditions (14 hours light, 10 hours dark) 
until seeds were collected. Successful transformation was confirmed by growth on MS media 
containing BASTA. 
 
6.2.4 Transient expression in N. benthamiana  
Agrobacterium tumefaciens transformation 

A. tumefaciens strain GV3101 was transformed with 400 ng of each plasmid by snap freezing 
in liquid nitrogen for 2 minutes, followed by heat shock at 37°C for 5 minutes. Transformants were 
rescued in 200 µL LB with shaking at 28°C for 2-3 hours and plated onto LB agar containing 30 
µg/µL kanamycin and 50 µg/µL gentamycin. Single colonies appeared after 2 days of growth at 
28°C. 
 
Infi ltration of N. benthamiana leaves 

A. tumefaciens strains were resuspended in 1ml induction medium (10 mM MgCl, 10 mM 
MES pH5.6, 150 µM acetosyringeone) and incubated for 2 hours at 28°C. Cultures where then 
diluted to an OD600 of 0.5 with induction medium and injected into N. benthamiana leaves using a 
blunt-end 1 mL syringe. Plants were placed under constant light (~70 ) for 48-60 hours before 
chlorophyll fluorescence measurements were done, and the collection of protein samples and HPLC 
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samples. In addition to technical replicates on the same leaf, at least three biological replicates were 
collected for light treatments and pigment samples. 
 
 
6.3 Measurement of chlorophyll  f luorescence 
 
Chlorophyll  f luorescence measurements in C. reinhardtii  

C. reinhardtii cells were grown photoautotrophically in minimal (HS) media in high light 
(400 µmol photons m-2 s-1) and harvested while in early log phase. Chlorophyll fluorescence 
measurements of the cells were performed with a Fluorescence Monitoring System (FMS) from 
Hansatech, the FMS2. Before FMS measurements, cells were incubated in the dark for 20 to 30 
minutes and filtered onto a glass-fiber filter and placed on the instrument’s filter clip. During 
measurement, the samples were exposed to actinic light with a light intensity of 630 µmol photons 
m-2 s-1 for 10 minutes, followed by 10 minutes of dark recovery.  
 
Chlorophyll  f luorescence measurements of N. benthamiana leaf spots 

Video imaging was performed on detached N. benthamiana leaves with the IMAGING-
PAM M-Series from Heinz Walz. Measurements were recorded during 15 minutes of blue actinic 
light (600 µmol photons m−2 s−1), followed by 10 minutes of dark recovery. Samples were incubated 
in the dark for 20 minutes prior to measurements. Photosynthetic parameters were calculated as 
described in Brooks & Niyogi (2011). 
 
Chlorophyll  f luorescence measurements of A. thaliana leaves 
 Video imaging was performed on seedlings growing on MS plates, on detached leaves of two-
week old plants, and leaf discs (0.5 cm2) of four-to-five-week old plants, using the IMAGING-PAM 
M-Series from Heinz Walz. Measurements were recorded during 15 minutes of blue actinic light 
(600 µmol photons m-2 s-1), followed by 10 minutes of dark recovery. Samples were incubated in the 
dark for 20 minutes prior to measurements and photosynthetic parameters were calculated as 
described in Brooks & Niyogi (2011). 
 Chlorophyll fluorescence measurements were also performed on attached leaves of four-to-
five-week old plants using a Fluorescence Monitoring System (FMS) from Hansatech, the FMS2 
using a leaf clip to hold the sample. The full plants were incubated in the dark for 20 minutes prior 
to measurement. During measurement, the samples were exposed to actinic light with a light 
intensity of 630 µmol photons m-2 s-1 for 10 minutes, followed by 10 minutes of dark recovery.  
 
 
6.4 Immunoblot analysis 
 
6.4.1 Thylakoid membrane complex analysis 
Analysis of thylakoid membrane complexes of A. thaliana and N. benthamiana 
tissue 
 Between 1.5 g and 2 g of leaf tissue was collected and homogenized at 4°C in pH 8.0 
Isolation Buffer (330 mM Sorbitol, 20 mM HEPES, 10 mM EDTA, 5 mM MgCl2, and 10 mM 
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NaHCO3). Homogenized tissue was strained through cheesecloth and Miracloth, then centrifuged 
for 10 minutes at 1300 x g in a high speed centrifuge in the JA-20 rotor. The pellet was resuspended 
in cold Resuspension Buffer (330 mM Sorbitol, 20 mM HEPES, 5 mM MgCl2, an 10 mM 
NaHCO3). Samples were adjusted to 0.5µg Chl per mL of sample in a solution of 50mM BisTris 
and 40% (w/v) glycerol with either 1% n-dodecyl-α-D-maltopyranoside or 1% n-dodecyl-β-D-
maltopyranoside detergent. 8 µL of sample was loaded into each well of a precast 4-16% gradient 
Novex Native gel, and run at 5 mA at 4°C for 3-3.5 hours to achieve separation of native complexes. 
 
6.4.2 Protein Expression Analysis 
Measurement of expression of LHCSR1 and LHCSR3 in C. reinhardtii  

Cells were harvested in early log phase and collected via centrifugation with 0.01% Tween-
20 at 3500 rpm/2500 x g for 3 minutes in a tabletop centrifuge. They were resuspended in SDS 
denaturing buffer for 15 minutes at room temperature and centrifuged again at 14,000 rpm in a 
microfuge to remove insoluble material. Samples were measured for Chl a concentration and diluted 
to a concentration of 0.02 µg Chl a per µl of sample. Protein samples were treated with β-
mercaptoethanol to 1 M final concentration and solubilized for 30 minutes at room temperature, 
heated at 55°C for 1 minute and then centrifuged for 1 minute at top speed of 14,000 rpm in a 
tabletop microfuge before loading. Proteins were separated on freshly-poured 15% bis-acrylamide 6 
M urea denaturing gels. Proteins were transferred to 0.45 µm PVDF membrane via semi-dry 
method and the membranes were blocked with 5% milk in TBS-T. The anti-LHCSR primary 
antibody (Richard et al., 2000) used was in a 1:3000 dilution with 10% BSA in TBS with Tween-20 
and donkey anti-rabbit HRP secondary antibody (Amersham) was used in a dilution of 1:10,000 in 
5% milk in TBS with Tween-20. 
 
Measurement of heterologous protein expression in plant tissue 

For both A. thaliana and N. benthmaiana tissue, leaf discs (0.5 cm2) from tissue expressing 
different protein constructs were collected and flash frozen in liquid nitrogen. Leaf discs are 
solubilized in lysis buffer (100 mM EDTA pH 8.0, 120 mM TrisHCl pH 6.8, 4% (w/v) SDS, 12% 
(w/v) sucrose, 200 mM dithiothretol) and heated to 100°C for 10 minutes. Cell debris was pelleted 
by centrifugation at 14,000 rpm for 5 minutes, and 8 µL of the soluble fraction was loaded into 
precast Novex 10-20% tris-glycine gels. Proteins were transferred to 0.45 µm PVDF membranes. 
Membranes were blocked overnight at 4°C in 5% milk in TBS with Tween-20, probed for 1 hour at 
room temperature with rabbit anti-FLAG (1:5000) primary antibody (Sigma) in 10% BSA in TBS 
with Tween-20. Secondary antibody was a donkey anti-rabbit-HRP conjugate (Amersham) used at a 
dilution of 1:20,000 in 5% milk in TBS with Tween-20.  
 
 
6.5 Generation of mutants 
 
6.5.1 Generation of C. reinhardtii  mutants 
lhcsr1  TILLING mutant 

In brief, Chlamydomonas cells were UV-mutagenized and DNA was extracted from 
individual colonies resulting from mutagenesis using a kit from Stratagene. The DNA from 
individuals was then pooled into sets of 16 in master plates. PCR and Cel1 digestion were done on 
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the plate and products were run on a Li-Cor model 4300 DNA Analyzer. For an introduction to the 
TILLING process, please refer to McCallum et al. (2000). The LHCSR1F and LHCSR1R primers 
were used for PCR amplification of the LHCSR1 gene (see appendix S1). 
 
npq4 lhcsr1  mutant 

To obtain the npq4 lhcsr1 mutant, npq4 was crossed to the lhcsr1 mutant and tetrad progeny 
were restreaked onto HS plates and grown in high light. These plates were then assayed by video 
imaging of chlorophyll fluorescence (Niyogi et al., 1997a) using an Imaging PAM instrument 
(Walz). One progeny that exhibited lower NPQ compared to npq4 was genotyped by PCR using 
primers LHCSR1F and LHCS1R, and the product was sequenced to confirm the presence of the 
mutation in LHCSR1. The primer sets for LHCSR3.1 and LHCSR3.2 were also used to test the 
presence of the LHCSR2/3 isoforms. Subsequent immunoblot analysis was done using an anti-
LHCSR antibody (Richard et al., 2000) to test for presence of the protein.  
 
Chloroplast transformation recipient strain psbH npq4 lhcsr1 
 To obtain the psbH recipient chloroplast in the npq4 lhcsr1 nuclear genetic background, the 
recipient strain provided to the lab by Saul Purton was crossed to the minus mating type of npq4 
lhcsr1 and tetrad progeny were screened by PCR to confirm genotype and replica plating on HS 
minimal media to confirm phenotype. Cells harboring the psbH recipient chloroplast were unable to 
grow on minimal media due to the psbH defect.    
 
6.5.2 Creation of mutagenesis l ibraries 
Site-directed mutagenesis l ibraries of At.CP29 and Cr.LHCSR3 

Point mutations were introduced into PSBS and LHCSR using either the QuikChange 
Lightning Multi site-directed mutagenesis kit (Agilent Technologies) or the 3SM (also known as 
“Round-the-horn”) method described in Follo and Isidoro (2008). The PSBS transit peptide was 
added to algal genes using the splicing overlap extension PCR method described in (Warrens et al., 
1997). Primers used are available in Appendix S1. 
 
Random mutagenesis l ibrary of At.CP29 

Random mutants were generated using error-prone PCR optimized by the “Diversify” kit 
(Clontech), based on the method developed by Leung et al. (1989) and Cadwell & Joyce (1992). 
Mutagenesis was done to the At.CP29 gene, but not its chloroplast transit peptide, so primers were 
designed so as not to include the first 19 residues of the protein product. 
 
 
6.6 Evolutionary analysis  
 
Sequence alignment and phylogenetic tree construction 
 Sequences were aligned used the MUSCLE multiple sequence alignment tool (Edgar, 2004). 
The phylogenetic tree of N. oceanica LHC genes was generated using the Phylogeny.fr software 
(Dereeper et al., 2008) with gene blocks analysis and visualized with the FigTree program 
(http://tree.bio.ed.ac.uk/software/figtree/). 
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Molecular models 
 Molecular models were generated using the I-TASSER server (Zhang, 2008; Roy et al., 
2010) and the PHYRE2 software (Kelley et al., 2015). Visualization was done using the Chimera 
molecular visualization software package (Pettersen et al., 2004). 
 
Gene annotation 
 Gene annotation in N. oceanica CCMP 1779 was done using the gBrowse platform (Stein et 
al., 2002) and the BLAST tool (Altschul et al., 1997). 
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Appendix S1 

Primers used for cloning 

 
 
Description Purpose Primer (5’  à  3 ’)  
LHCSR2 (LHCSR3.1)   
LHCSR2 Promoter Forward Genomic Complementation TTCAAGGGATGAGCAAGTT 
LHCSR2 3’ UTR Reverse Complementation CACCGCTGACTCCCCTGTCTTCAG 
LHCSR2 Start Forward Coding Sequence ATGCTCGCGAACGTCGTTTCC 
LHCSR2 Reverse Coding Sequence TTACAGGCTCTTGAGGTTGT 
LHCSR2 Δ20 -TP Coding Sequence ACTGTGGCCGTCAAGT 
Cr.LHCSR3+FLAG Reverse Codon Optimized TTACTTATCATCATCATCCTT 

ATAATCCAAAGACTTCAAATTGTC 
   
LHCSR1   
LHCSR1 Promoter Forward Genomic Complementation CACCCATGCTGGCTGTCGTAACTG 
LHCSR1 3’ UTR Reverse Genomic Complementation TGAAGTTATCCGACTGCGT 
   
Cr.CP29   
Cr.Lhcb4 Start Forward Coding Sequence TCAGTCGTTTCTCTAA 
Cr.Lhcb4 Reverse Coding Sequence CATCTATCTGGATTACA 
Cr.Lhcb4 Δ19 Forward -TP Coding Sequence ACCAAGCCGGCCCCTAA 
Cr.CP29+FLAG Reverse Codon Optimized TTACTTATCATCATCATCCT 

TATAATCCAATCCCTTACCGTTG 
   
At.CP29   
At.Lhcb4.1 Start Forward Coding Sequence ATGGCCGCAACATCCGC 
At.Lhcb4.1 Reverse Coding Sequence TTAAGATGAGGAGAAGGTATC 
   
At.PSBS   
At.PSBS Start Forward Coding Sequence ATGGCTCAAACCATGCTG 
At.PSBS Reverse Coding Sequence TTAGCTTTCTTCACCATC 
At.PSBS Transit Peptide Forward Codon Optimized ATGGCACAGACAATGTTG  
At.PSBS TP Reverse 54 residue Transit Peptide  TAGCGAGAGGAACGAATGA 
   
Cr.LHCBM1   
Cr.LHCBM1+FLAG Reverse Codon Optimized ATGGCTCAGACTATGTTG 
   
Cr.PSBS   
Cr.PSBS Start Forward Coding Sequence ATGGCCATGACTCTGTCG 
Cr.PSBS Reverse Coding Sequence TAAGGCGGACTCCTCGTCCA 
   

 




