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Introduction

Solar energy harnessed by plants and algae has great potential to be converted into
biofuels for future generations. Understanding the regulatory mechanism of
photosynthesis can increase biomass yield and drive the generation of biofuels to its
maximum. PsbS, a membrane protein, is an essential component for NPQ and has
been studied extensively in this thesis. PsbS is hypothesized to sense pH and to
regulate photosynthesis under light stress conditions. The first objective in this thesis
is to produce, purify and refold recombinant PsbS with sufficiently high yields for
biochemical studies along with optimizing the detergent conditions for maintaining
its stability. The second objective is the spectroscopic characterization of PsbS to
understand its role as a pH sensor and its molecular mechanism during
photoprotection.
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By the year 2050, the human population is projected to reach 9.1 billion, bringing with
it a major energy-related crisis’. The shortage of fuels will be one of the major issues
to deal with due to the limited availability of non-renewable resources like coal, oil,
and natural gas. For more than a century, scientists are exploring the possibility of
biofuels generated from plants and plant products to overcome this crisis. Although
direct synthesis of biofuels like hydrogen, isoprene, toluene* and longer hydrocarbons
can be achieved by photosynthetic microorganisms3, some inhibitory pathways make
it complicated to achieve high efficiency of biofuel production*. To improve the
production of biofuel, an increase in biomass production or genetic engineering of
photosynthetic proteins is necessary, but this requires an in-depth knowledge of the
photosynthetic mechanism that improves CO. assimilation. Currently, many
countries are attempting to develop bio-solar fuels, for example, BioSolar Cells, a
Dutch research program in the field of photosynthesis aimed at the sustainable
production of food and renewable energys. Apart from such programs, the emergence
of new technologies and advancements in scientific tools enable us today to unravel
many photosynthetic mechanisms®. These scientific effort may one day enable us to
solve food and energy crisis to free the world from hunger and from exploiting our
limited resources like petrol and oil.

1.1 Photosynthesis and photoprotection

Oxygenic photosynthesis is the conversion of solar energy to chemical energy while
producing oxygen that takes place in microalgae/cyanobacteria and all land plants.
When photons of sun rays hit a leaf surface, they are absorbed by an antenna that
transfers excitations to the two photosystems, the oxygen-evolving PSII and the
ferredoxin-reducing PSI7. Both PSII and PSI are important for light driven charge
separation and transport of electrons. The splitting of water takes places in PSII which
generates electrons that are used in oxygen evolution. The remaining electrons from
the PSII are then transported to PSI via plastoquinones, the cytochrome bsf complex
and plastocyanin. The electron acceptor NADP* is converted to NADPH, which
contributes to carbon fixation of solar energy, the prime objective of photosynthesis®.
The protons evolved from water oxidation also contribute to drive the ATP synthase
to produce ATP, another essential energy source.

One way to measure the efficiency of photosynthesis is through Solar Energy Storage
Efficiency, which is the percentage of solar energy converted into biomass®. This
conversion efficiency in direct sunlight is less compared to low irradiance conditions?
due to the light-saturation effect®, depicted in Figure 1.1. This light-saturation effect is
driven by a mechanism called photoprotection. Photoprotection against sunlight takes
place to prevent damage from toxic ROS that are produced when electrons leak out of
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the electron transfer chain or when photosynthetic pigments transfer energy to
oxygen to produce singlet oxygen.

(@) (b)

1 : no photoinhibition
Chlorophyll 2 : moderate photoinhibition
3 : severe photoinhibition
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Figure 1.1 (a) Principle of photoprotection showing excess excitation energy that is dissipated as
compared to the absorbed light. Amax, the maximal light-saturated photosynthetic rate is
achieved; (b) Effect of photoinhibition on quantum yield and CO, assimilation rate is shown.
Amaxis also affected by other photo-inhibitory conditions; therefore, it is a dotted line. (Adopted
from™)

The photoprotective mechanisms that under high light conditions quench the
excitations, which in return dissipate the excess photon energy as heat or
fluorescence, are known as NPQ and lead to ~55 % irradiance loss (average in USA)".
From the absorbed sunlight, an estimated 8 - 10 % of the solar energy converts into
biomass, which is significantly low. As seen in Figure 1.1 a, the Amax, which is the light-
saturated photosynthetic rate is reached when there is too much light intensity
leading to dissipation of excess excitation energy”. The quantum yield and CO.
assimilation rates also drop when severe photoprotection takes place, as shown in
Figure 1.1 b. To recapitulate, adjusting NPQ is a key for improving CO. assimilation
which could assist in efficient biofuel production.

1.2 Non-photochemical quenching

NPQ takes place primarily in the antenna associated with the PSII complex located in
the thylakoid membrane of chloroplasts®. gE, the major component of NPQ, is defined
as the thermal dissipation of excess absorbed light energy. qE has two main
requirements, one involves the activation of an enzyme for conversion of violaxanthin
to zeaxanthin® during the VAZ cycle and the other is the protonation of light stress
sensor proteins'. The requirements for the fast component of NPQ, qE are explained
below:
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1.2.1  Role of low lumenal pH

The most important aspect for gE is the lowering of the lumenal pH in the thylakoid
membrane, which senses the photosynthetic state during varying light conditions. In
low light conditions, the approximate lumenal pH is 7.5 and the photosynthetic
antenna is in a light harvesting state. However, in high light, the lumenal pH decreases
until the acidification of the internal thylakoid compartments reaches a threshold
value triggering the NPQ process'. This low lumenal pH is required to trigger several
mechanisms involved in NPQ. The change in the pH of the lumen occurs due to the
proton influx into the lumen region, the imbalance between protons at the lumen site
and available ADP and NADP. The lumenal pH acts as a measure of the photosynthetic
stage, that is regulated or de-regulated under excess light conditions®. The first step
in the mechanism for NPQ in plants is the activation of a membrane protein called
PsbS due to acidification of the lumenal pH. This is followed by a slow enzymatic
conversion of V to Z and leads to de-excitation of chlorophylls of the PSII antenna'.

1.2.2  Role of the VAZ cycle

The VAZ cycle is a forward reaction where the di-epoxy xanthophyll V is de-epoxidized
to xanthophyll Z, with an intermediate xanthophyll A. It is one of the most important
reactions in the induction of NPQ taking place in high light intensities78. The enzyme
that catalyzes this reaction is called VDE, which gets activated and binds to the
thylakoid membrane only under conditions where the luminal pH has lowered to ~pH
5.0. After decades of research, the function of Z still remains controversial, with the
current hypothesis that Z acts as an allosteric regulator that controls the sensitivity of
gE and conformational changes of LHC’s during pH lowering'>>'. Even though the role
of Z is not clear, its involvement in NPQ has been explained by models*.

1.2.3  Role of PsbS

Although the crucial importance of PsbS in NPQ in higher plants has been
established for the past 15 years, there is still a great deal of uncertainty about the
mechanism by which PsbS is involved in NPQ*#2. Studies have proved that PsbS is a
prime requirement for excited-state quenching (qE) upon proton accumulation in
vivo*®?7, Several mechanisms have been proposed for PsbS. Earlier models placed PsbS
as the site of actual quenching for heat dissipation from PSII, but later it was proposed
that PsbS has the role of an antenna organizer that senses pH lowering and facilitates
structural changes leading to quenching of LHCII?8, The LHCII associated with PSII
emerged as one of the site of NPQ and may undergo aggregation after conversion of
V to Z under low pH conditions#*93°. Along with LHCII, the minor antenna proteins
like CP29, CP26 and CP24 have also been proposed to be the site of quenching during
NPQY.
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PsbS is one of the major components in triggering photoprotection due to its role in
rearrangement and structural changes during NPQ associated with lowering of the
lumenal pH?3'. In the absence of PsbS, low levels of NPQ have been observed,
suggesting that PsbS is essential for effective pH sensing and rearrangement of
antenna proteins under high irradiance®.

1.2.4 Recent models for NPQ

In the early 1990s, the first model for NPQ was proposed'+'. The model proposed four
states for NPQ. State 1 occurs in low light conditions, where the LHCII is in a non-
aggregated state and the excitation energy is used to drive electron transport. The VAZ
cycle starts with the presence of V in the VAZ binding pocket in State 1. With high
light intensities, state 4 occurs. LHCII is aggregated and excess of excitation energy is
present and the VAZ binding pocket contains Z. State 3 consists of NPQ levels lower
than state 4 and is found in the thylakoid membrane immediately after high
illumination. The VAZ binding pocket still contains V. State 2 is found when the
change from high light to low light occurs. LHCII is unprotonated and Z is present in
the VAZ binding pocket. However, the exact role of PsbS in NPQ is still unclear.
Another model for NPQ suggests the occurrence of two quenching states: Q1 and Q2.
This model is based on time-resolved fluorescence measurements of the two states3.
Q1 occurs during high light conditions and detachment of the LHCII from PSII and its
aggregation takes place. Here, PsbS is in the protonated form and heat dissipation of
excess light energy takes place. No Z is required during Q1. Here, the fast phase of
NPQ occurs within 1-5 mins. Q2, on the other hand, takes place in minor LHCII
complexes like CP29, CP26 and CP24, which are still attached to PSII. Conversion of
V to Z in Q2 is hypothesized. Here, the slow phase of NPQ takes ~10-15 mins. NPQ in
the Q2 state majorly depends on the VAZ cycle.

Two models for the function of PsbS in NPQ have been proposed, both assigning PsbS
as the pH sensor for sensing lumen acidification during high light irradiance. One
model proposes that PsbS triggers conformational changes in LHCII leading to
aggregation and NPQ, while the other model suggests PsbS to be the quenching site
along with its binding to the pigment Z'®. NPQ mechanism to regulate photosynthesis
is quite biodiverse in nature. In plants, PsbS is known to be the only protein for pH
sensing while in green algae, another class of proteins called LHCSR are found. In the
moss Physcomitrella patens, the presence of both PsbS and LHCSR proteins are found
to play equal roles in photoprotection3?. Why plants adopted for PsbS-dependent
NPQ, why LHCSR was lost in vascular plants and where did PsbS come from, are some
intriguing questions to ask3. Is moss the intermediate during the evolution to land
and holds answers to how the PsbS gene came into its role as a pH sensor?
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From an evolutionary standpoint, photoprotection has evolved to achieve survival
under high light-stress conditions over maximum carbon fixation efficiency®. An
improvement of the efficiency of photosynthesis by reduction of the size of the
antenna system and spread of the excitation throughout the canopy has been
demonstrated”. Other ways, like deletion or inactivation of genes coding for antenna
proteins or accessory pigments, have resulted in a balanced dispersion of energy to
the two antenna systems'3435. Overexpression of membrane protein PsbS in Tobacco
plants, together with xanthophyll-cycle enzymes, led to an increase in qE along with
accelerating NPQ relaxation, which significantly increased the quantum yield of CO.
assimilation3®. In conclusion, understanding the mechanism of PsbS is vital for
improving biomass production.

1.3 Discovery and mechanism of PsbS

The membrane protein PsbS was first discovered as a component of PSII preparation
in 198637 and co-precipitated with other subunits*®. Sequencing of PsbS showed3® that
it is a unique protein containing four transmembrane helices.

After more than 20 years of research, it is clear that PsbS has a central role in sensing
the thylakoid luminal pH and activation of a series of complex structural
rearrangements*° that lead to chlorophyll de-excitation in the antenna, which is the
basis of NPQ>+'. A model of the hypothesized function of PsbS in photoprotection is
depicted in Figure 1.2. PsbS belongs to the LHC protein family#:. It has a molecular
weight of 22 kDa and has four transmembrane helices in its structure, unlike all other
members of the LHC family.

Increasing light conditions —p

PsbS LHC CP  PSII LHC PsbS CP  PSII

Stroma

Quenched state

Figure 1.2 Top: The hypothesized role of PsbS during NPQ adopted from Niyogi et al., 20053. V
to Z (white to black dots) conversion takes place with protonation of glutamate residues.
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A homology structure of PsbS from Physcomitrella patens and the crystal structure of
PsbS from Spinacia oleracea is shown in Figure 1.3 followed by a protein sequence
alignment between PsbS from P. patens, S. oleracea and A. thaliana species. PsbS does
not bind specific Chl pigments and acts as a pH sensor to trigger structural changes
in PSII-LHCII super-complexes leading to qE and NPQ>+43. Recent studies, focusing
on PsbS interaction, showed that Patens-PsbS associates with one of the monomeric
unit of LHCII trimer+4. For PsbS of higher plants, enhanced interactions with Lhcb1
antenna complexes were observed under high-light conditions*> and increased
binding of PsbS to minor antenna complexes was observed with the combination of
low pH and zeaxanthin“®.

Mutational studies on proton-accepting residues in the lumen region of PsbS,
especially on two glutamate residues located at the lumenal loops, have shown to
severely influence qE, indicating that they are critical for the function of PsbS#. In
Patens-PsbS, these two glutamate sites are at Glu-71 and Glu-176 that protrude at the
lumenal side of the membrane (Figure 1.3¢, red box). Protonation of these two active
glutamates is proposed to induce a dimer to monomer transition, which is suggested
to be the first step in PsbS activation®®. The recent crystallography structure, however,
shows that PsbS forms a stable dimer under low-pH conditions*3.

Apart from the structure of the protein PsbS, its evolution and existence in vascular
plants are also very intriguing. In Chlamydomonas reinhardtii, which is an alga,
previously it was believed that the PsbS gene is present but it is not active and NPQ is
LHCSR-dependent*, however, recently PsbS was shown to be transiently expressed
and to play a transient role during NPQ in algae>. Recent studies showed that in P.
patens, both PsbS and LHCSR genes are present and active during NPQ5". This role is
however taken over by PsbS in higher green plants like S. oleracea and A. thaliana>*. A
reason for this switch is proposed to be the less robust LHCSR-dependent NPQ that
was discarded during evolution3*. Another explanation lies in the function of LHCSR
as both a sensor of excess light and quenching site in lower organisms and mosses,
that was later replaced by PsbS as sensor and LHCII as a site of quenching in higher
plants3.

The sequence alignment between P. patens, S. oleracea and A. thaliana shows that
several regions are conserved for all the three species (Figure 1.3¢).
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Arabidopsis LF-KPKTKAAPKKVEKPKSKVEDGIFGTSGGIGFTKANELFVGRVAMIGFAASLLGEALT 59
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Spinach GKDVRSALGLKTKGPLFGFTKSNELFVGRLAQLGFAFSLIGEIITGKGALAQLN]IEYGVP 177

Arabidopsis GKNVRSALGLKEQGPLFGFTKANELFVGRLAQLGIAFSLIGEIITGKGALAQLNIEYGIP 178
*{-.*:.****: :**:*****:***‘k********:**::*k*****************:*

Patens ITELEPLILFNVIFFLFAAVNPGTGKFVNDDDIED-- 215

Spinach INEIEPLVLLNVVFFFIAAINPGTGKFITDDEEED-— 212

Arabidopsis IQDIEPLVLLNVAFFFFAAINPGNGKFITDDGEESLE 215
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Figure 1.3 A homology model of (a) Patens-PsbS53 in comparison with (b) Spinach-PsbS, PDB
4RI2 48. Two glutamate residues are shown as pink and blue spheres that are hypothesized to
be the site of protonation. (c) Protein sequence alignment of P. patens, S. oleracea and A.
thaliana using Clustal Omega from EMBL-EBI. In red marked are the two active glutamates.

1.4 Challenges in PsbS structural characterization

Invivo and in vitro studies have been carried out on PsbS to understand its underlying
mechanism in the regulation of NPQ and its interaction with antenna proteins#46:47:54,
It is challenging to determine the molecular function of PsbS, due to its lack of
specific-bound pigments, its low production in plants, and the difficulty of PsbS
purification. Some studies performed in vitro synthesis of PsbS*4284354 producing
detergent-refolded PsbS in moderate quantities, and PsbS has also been refolded in
liposomes together with LHCII to study its quenching mechanism in vitro5+%.
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However, the yield of PsbS attained is not enough for carrying out spectroscopic
studies and there are many challenges to solve.

The first challenge is to produce recombinant PsbS in high quantity for biochemical
and NMR studies. This can be achieved by either cell-free protein expression or
overexpression using E. coli. Both techniques have great potential in membrane
protein production. While cell-free expression allows for easy labelling of isotopic
amino acids with minimal scrambling, it is still challenging to produce large amounts
of soluble membrane proteinss®. This makes overexpression using E. coli more
favorable. Even though this procedure can produce sufficient amounts of proteins, it
often leads to the production of inclusion bodies. Inclusion bodies are aggregated
protein structures within the bacteria when membrane proteins foreign to E. coli
system are overexpressed>’. These inclusion bodies contain the membrane protein in
an unfolded form and are very hard to isolate and purify.

The next challenge is to refold the unfolded PsbS into its proper conformation. The
refolding of membrane proteins is quite critical to their function. Factors like CMC,
aggregation number of detergents, temperature and concentration of PsbS have to be
considered for a successful refolding>®-%.

The determination of oligomeric states of PsbS is important as it has been proposed
that PsbS activation is associated with dimer to monomer transition upon protonation
under high-light conditions®®. Determining the exact size of PsbS and oligomeric
states can be very challenging since the detergent micelles surrounding it will
contribute to the total molecular weight of the protein-detergent micelles. Therefore
the use of complementary techniques for correct size determination is required® 5.

The final challenge and major aim of this thesis is to resolve the molecular pH sensing
mechanism of PsbS by observing structural changes and dynamics of PsbS. NMR
spectroscopy is emerging as a powerful tool% to observe the dynamics of a protein in
solution, unlike X-ray crystallography that requires crystallization. Resolving the
“fingerprint” of a protein can be performed by using 2D 'H-N HSQC, where each
backbone amide bond corresponds to a peak®. However, solution-state NMR studies
of PsbS are challenging due to the total size of PsbS in detergent micelles being too
large, while solid-state NMR requires high quantities of properly folded, membrane
reconstituted PsbS, which is challenging to prepare. In this thesis, other spectroscopic
techniques like IR and CD spectroscopy have been explored as well to overcome the
limitations of NMR spectroscopy.
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1.5 Research objectives and dissertation outline

PsbS has been a mysterious protein in photosynthetic research. Its role in NPQ has
been hypothesized in various models but the exact mechanism of function is still
unclear. How PsbS interacts with other membrane components (like antenna
proteins, PSII, zeaxanthin) to induce qE is still unknown as is its molecular pH-
response mechanism. Mutation of two key glutamate residues in the lumenal loops of
PsbS has shown to reduce NPQ significantly4’. The exact molecular mechanism of
these two glutamate residues in PsbS leading to structural changes have not been
determined vyet. Several challenges like the proper folding of PsbS, right
environmental conditions for NMR or CD spectroscopy, while maintaining the
stability of PsbS in different pH and temperature conditions have been overcome in
this thesis. Finally, the role of the two glutamate residues in the pH sensing-
mechanism of PsbS has been elucidated.

The main research objectives are outlined below:

1. Can sufficient quantities of recombinant PsbS be produced and purified for
spectroscopic studies?

With the goal to perform structural and biochemical studies on recombinant PsbS,
the first step is to produce enough purified PsbS in a proper fold. Two approaches for
the production of PsbS were explored: cell-free expression and overexpression by E.
coli. In Chapter 2, production of PsbS using cell-free expression system is described.
After temperature and detergent optimization steps, cell-free production of soluble
PsbS was achieved. PsbS was successfully refolded after its production. In Chapter 3,
the production of PsbS using overexpression in E. coli is documented. Plasmid and
temperature optimization led to maximal yields of PsbS of ~120 mg/L. A novel
purification protocol was set up, which reduced losses by ~60 %.

2. What is the optimal environment for PsbS folding and stability?

In Chapter 3, PsbS was refolded using different detergents and was characterized by
CD spectroscopy. Detergents FC-12 and OG proved optimal for the folding and
stability of Patens-PsbS.

3. What is the influence of pH on the oligomeric states of PsbS?

In Chapter 4, PsbS refolded under high and low pH conditions were analyzed to
determine pH-induced changes in oligomerization state using SEC, SDS-gel analysis,
DLS and DOSY NMR spectroscopy. The dimer-to-monomer transitions were explored,
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which might be the first step in the activation of PsbS. “N-'"H HSQC NMR was
performed on PsbS to detect pH-dependent changes in structure or dynamics.

4. What is the molecular pH response mechanism of PsbS? What is the role of the two
active Glu residues in bringing about pH-dependent conformational changes?

The fold and oligomeric state of selective Glu mutants of PsbS were compared with
the WT PsbS by NMR, FTIR and CD spectroscopy, presented in Chapter 5. The roles
of Glu-71 and Glu-176 were explored and a model suggesting the structural response
of PsbS to low pH was proposed.
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