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SUMMARY 

The maintenance of aerobic heterotrophic life relies on the photosynthetic oxygen 

production in the PSII reaction center. This reaction is intrinsically important in biological 

chemistry. Moreover, the efficiency of transferring solar energy to chemical energy makes 

PSII an excellent candidate for modeling the design and development of sustainable and 

biomimetic forms of artificial energy. PSII is a multisubunit transmembrane complex. It 

consists of several membrane-spanning helices and three main extrinsic subunits. PsbO is 

proposed to be an IDP when isolated free in solution. Its secondary structure showed 

significant change after bound to PSII, which is referred as templating effect. MS, CD and 

UVRR are used in my study to locate the residues that respond to the regulation of PSII. 

The current work provides new structural/conformational information concerning an 

indispensable part of the photosynthetic oxygen production reaction, PsbO, an extrinsic 

subunit of PSII.  
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CHAPTER 1. INTRODUCTION  

1.1 Photosystem II 

Table 1 – PSII structure summary 

 

          Photosynthesis consists of light reaction and dark reaction. The light reaction 

oxidizes water to molecular oxygen. The dark reaction converses carbon dioxide to 

carbohydrates. Photosynthesis is the conversion from solar energy to chemical energy. It 

sustains aerobic and heterophilic life on earth. Photosynthetic machinery is housed in the 

chloroplast. The first part of photosynthesis is the light reaction at photosystem (PSII). PSII 

is a very complex protein, consisting of several membrane spanning helix and three main 

extrinsic subunits.1-3 As is shown in Figure 1A, four important intrinsic subunits, D1, D2, 

CP43 and CP47 are colored. They are in contact with most of the redox-active cofactors. 

There is a light-induced electron transfer pathway in the reaction center. The dimeric 

chlorophyll (Chl) donor, P680, accessory chlorophyll molecules, quinone acceptors and YZ 

(D1-Tyr-161) all play a role in this pathway.4-5 PSII exists in plants3, 6, algae7-9 and 

cyanobacteria10-14. The PSII structures from various organisms are summarized in table 1. 
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An extensive set of site-directed mutagenesis15-20 and labelling21-26 experiments have been 

performed to study PSII structure and dynamic. 

1.2 Oxygen evolving complex 

          Photoinduced oxidation of water happens at a Mn4CaO5 cluster which is organized 

in a distorted-chair form. (Figure 1B) The metal cluster also named as oxygen-evolving 

complex (OEC).  In the metal cluster, an external Mn is attached to a Mn3CaO4 cubane by 

two μ-oxo O4 and O5 atoms.1-2 The OEC is surrounded by a node of five water channels1 

that play critical role in proton release, balancing net charge of the OEC and inlet of 

substrate water.27-28 Oxygen generated from the cluster in the period of four flashes with 

the liberation of proton.29 The cycle of OEC sequential oxidation is modeled as Sn states. 

n refers to the number of oxidizing equivalents stored on the catalytic site. Subsequent 

flashes allow the evolution of OEC to higher S states and higher oxidation states. Dioxygen 

is generated in the final step of the S-state cycle (S3 →S4 →S1).29 Many progress along 

with controversy occurred on the way to determine the structure of OEC in specific 

catalytic states with higher resolution.12-13, 30-35 For example, in 2015, when a radiation-

damage-free Mn4CaO5 cluster was published2, it was assumed to be in S1 state. However, 

this assumption disagreed with ENDOR, EPR and EXAFS data in S1 state published 

earlier.28, 36-37  Later in the same year, the structure was suggested that it probably was a 

combination of the reduced S0 and S1  state.38 A structure change, dislocation of W665 in 

the O4 channel during the process of Si state, was attributed to a proton release through the 

O4 channel.2, 35 However, other groups argued that W665 works as the source of the O6 

atom involved in O=O bond formation.39-40 A high-resolution S2 state structure may be 
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necessary to clarify structural changes leading to or from this state. Due to the limited 

resolution of the S3-state structure, the dioxygen formation mechanism was undetermined. 

There were several candidates for this reaction mechanism, including an oxyl/oxo radical 

coupling mechanism41, a nucleophilic attack reaction mechanism42 or a peroxide 

intermediate mechanism43. In 2019, Suga et al. revealed that the O=O bond formation 

happens through the oxyl/oxo coupling mechanism.13 Two water substrate were believed 

to be involved in S4→S0, 44 while one of the water molecule was suggested to join the 

reaction during the S2→S3  transition.32 There were at least seven candidates for the two 

substrate water molecules.45 Experiments showed that two substrates exchange at different 

rates [water slow (WS) and water fast (Wf)].46-47 O5 of the μ-oxo bridges represented a 

hydroxo in the state, which can explain the enhanced WS in the S0 state.48 The second water 

substrate, Wf, cannot be determined yet. 45 

 

Figure 1 – Spinach PSII structure and photosynthetic water oxidation S-state cycle. 
(A) Spinach PSII structure (PDB ID: 3JCU49) including four important intrinsic 
subunits (D1 - green, D2 – magenta, CP43 - marine, CP47 - yellow) and three main 
extrinsic subunits (PsbO – orange, PsbP - red, PsbQ - olive). (B) S-state cycle of water 
oxidation. (B, Inset) The OEC (Ca – yellow, Mn – grey, O - red) in cyanobacterial 
PSII, in which bound water molecules (small blue spheres) are assigned (PDB: 
4UB650). 
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1.3 PsbO 

          PsbO consists of 231-257 amino acids. It is expressed in all oxygenic photosynthetic 

organisms.51 PsbO sequence is 60-80% conservative among high plants and algae. Among 

lower plants and cyanobacteria, PsbO sequence conserves around 40%.52 A set of site-

directed mutagenesis study on important PsbO residues have been operated to study their 

functional meaning.53-59 Stoichiometry of PsbO-PSII binding can be different among 

species. Cyanobacteria PSII has one copy of PsbO bond.52 Some plants only have one copy 

of PsbO per reaction center in PSII in plants, such as rice (Oryza sativa) and pea (Pisum 

sativum), while others may have to isoforms of PsbO, like potato (Solanum tuberosum) and 

Arabidopsis (Arabidopsis thaliana).60 Differences in sequence and function between two 

isoforms, PsbO-1 and PsbO-2, have been wildly studied. Both PsbO isoforms are active in 

photosynthesis, though their functions hold differences.61-66 

          PsbO along with other two extrinsic subunits, PsbP and PsbQ are necessary to 

maintain the high steady-state oxygen evolution rates.52, 67-69 They PsbP and PsbQ are 

proposed to manipulate the retention of the calcium and chloride ions for OEC.70 Chloride  

can function as a PSII activity regulator. Mutagenesis studies in cyanobacteria PSII 

supported this idea.71-72 PsbO also plays similar role and it accelerates the water-splitting 

reaction.73 The surface of PsbO hosts an wide web of carboxylate/water hydrogen-bonding 

network.74 Site-directed mutagenesis has been applied to propose the proton exit 

pathway.75-78 After protons are liberated from the OEC, they transfer through hydrogen 

bonding network, pass through PsbO and reaches the lumen side.50, 79-80 (Figure 2) 

Molecular dynamic simulations have modeled many active water/carboxylate dimers on 

PsbO.81-82 For example, a carboxylate cluster, D222/D223/D224 in cyanobacteria PsbO is 



 5 

suggested to be critical structural and energetic determinants of a proton-transfer network. 

The D224 residue is also suggested to be part of the hydrogen bonding network that 

facilitate the docking of PsbO to PSII.74 Water molecules involved in hydrogen bonding 

has lower mobility than that of bulk water. The sacrifice of mobility may be helpful to 

PsbO binding to PSII since water molecules are known to be able to mediate favorable 

protein/protein interactions and/or enhance electrostatic interactions between proteins to 

ease protein binding.83 Though PsbO structure when it is bound to PSII has been defined, 

PsbO is proposed to be intrinsically disordered when it is free in aqueous solution84 and its 

structure/conformation is undetermined yet.6, 85-86 

 

Figure 2 - Putative proton transfer pathways from the OEC to the lumen in the 
cyanobacterial PSII structure (PDB 4UB6). Residues that are proposed to be involved 
in the proton exit pathway are shown in stick. Water – small blue sphere; chloride – 
cyan sphere. 

1.4 Intrinsically disordered protein 
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          Intrinsically disordered proteins (IDPs) are proteins retaining it biological activity, 

though they lack ordered structure and hold a broad ensemble of dynamic conformations.87-

88 In addition, the sequences of IDPs usually have low complexity and high ratio of charged 

to hydrophobic amino acids87, which results in high “PONDR (Predictor of Naturally 

Disordered Regions)” score89. PONDR is a neutral network predictor which is utilized to 

predict intrinsic order or disorder. PONDR score larger than 0.5 indicates disordered 

structure. Smaller than 0.5 indicates ordered structure. Factors including amino acid 

composition, sequence complexity, hydrophobicity, charge and flexibility, etc, are 

attributed to the PONDR score.90 IDPs are involved in a significant number of biological 

processes and play important roles. The transitions between disordered- and ordered-status 

allows IDPs to achieve highly specific protein-protein interactions via a coupled folding, 

recognition and binding mechanism.91 Human disease is a region where IDPs have a wide 

range of implications.92 PsbO is hypothesized to be an IDP for several properties.  For 

example, PsbO has a low pI. Its size gets exaggerated on SDS-PAGE and size exclusion 

chromatography. It has a large amount of random coils and turns.84, 93  

1.5 Unnatural amino acids  

1.5.1 Cyanophenylalanine (CNF) 

          CNF is a popular probe used in protein conformation and dynamics study.94 It is a 

good fluorescence probe due to several reasons.95-96 First, CNF can be selectively excited 

at 240 nm. Second, CNF is a sensitive fluorescence probe. Its fluorescence quantum yield 

(0.11) is around five times of phenylalanine (0.022). Third, it is easy to accommodate into 

protein in various environment, with minimally interruption to protein structure. Fourth, 
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its fluorescence responds to the hydrogen bonding condition of the C=N group. In addition, 

CNF is a good vibrational spectroscopic. 97-98 Its peak frequency and linewidth are sensitive 

to the change in the local electrostatistics. The absorbance of CNF is maximized ~230 nm 

so the application of UV probe at 229 nm or 244 nm on protein sample with CNF 

incorporation can detect vibrational spectrum with high UV resonance signal. Another 

advantage of CNF as Raman probe is that its wavenumber falls in 2150-2250 cm-1, no 

overlapping with any of the common vibrational bands of proteins.99-100 UV resonance 

Raman has been used to study conformational switching in PSII-inspired biomimetic 

peptides101 and other moquette102-103. The method can be consulted and adjusted for the 

conformational study of the CNF incorporated PsbO. 

1.5.2 7-azatryptophan (7AW) 

          7AW is a commercially available unnatural amino acid. It has been successfully 

incorporated into recombinant protein for structure and dynamics study.104 7AW has 

unique and pH-sensitive vibrational frequencies that make it a practical probe for light-

induced proton transfer. 7AW has been successfully and noninvasively incorporated into 

PsbO as a substitution to W241 and it has been proved to be a nice tool for the definition 

of the internal proton pathway in PsbO.67, 105 The reconstituted 7AW(241)PsbO-PSII did 

not exhibit significant change in oxygen evaluation activity or flash-dependent protein 

dynamics. The frequencies and intensity of the 7AW vibrational bands are sensitive to the 

light induced protonation that can be evaluated by UVRR101, 106 and FT-IR107 spectroscopy. 

Moreover, 7AW shows unique optical and fluorescent properties that are impacted by the 

protonation status of the azaindole group.105 
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1.6 UV Resonance Raman (UVRR) spectroscopy  

          UVRR spectroscopy uses ultraviolet laser as an excitation source to resonantly 

enhance the spectral contributions of aromatic amino acid residues in protein samples, such 

as tyrosine and tryptophan.108 This method provides high resolution spectrum. Vibrational 

frequencies and intensities of reflect perturbation these aromatic residues. They are 

structural and environmental markers of protein samples. The spectrum indicates changes 

including hydrogen bonding, metal binding, redox state, protonation state, dielectric 

constant and etc.106, 109 UVRR spectroscopy has been widely applied for protein 

conformational change and reaction dynamics study.110-113 The additional microprobe jet 

flow technique is designed to prevent UV degradation of the analyte. At 244 nm or 229 

nm, the second harmonic of a continuous wave Ar-ion laser lowers the fluorescence 

background and weakens the Raman scattering from water.  The Raman microscope system 

achieves high signal collection efficiency with sufficient space for the jet flow cell.108 

  



 9 

CHAPTER 2. MATERIALS AND METHODS 

2.1 Photosystem II and PsbO sample preparation 

2.1.1 PSII extraction 

          Two detergents, Triton X-100 (Sigma) and octylthioglucoside (OTG; Anatrace) 

were used to extract PSII-enriched thylakoid membranes from market spinach, as 

preciously described.114-115 The PSII sample isolated by Triton X-100 is named as BBY-

PSII, using the last name initial of the three scientists who established this methods. The 

PSII cores after both detergents’ treatment is named as OTG-PSII. (Figure 3) The PSII 

samples were suspended in SMN-15 buffer, containing 0.40 M sucrose, 50 mM 2-(N-

morpholino)-ethanesulfonic acid (MES)-NaOH, pH 6.0, and 15 mM NaCl, and stored at -

70℃. 

 

Figure 3 – PSII extraction by detergent solubilization from market spinach. Triton 
X-100 isolates PSII-enriched membranes fragments with intact LHC. OTG removes 
membranes and LHC, leaving PSII cores with extrinsic poly peptides. 

2.1.2 Oxygen Evolution Assay 

          A Clark-type oxygen electrode was used to assay the oxygen evolution activity of 

the PSII samples. External electron acceptors, freshly prepared 1.0 mM potassium 
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ferricyanide (K3[Fe(CN)6]) and recrystallized 0.50 mM 2,6-dichlorobenzoquinone 

(DCBQ), were added. Measurements were performed at pH 6.0. The buffer contained 0.40 

M sucrose, 50 mM MES-NaOH and 15 mM NaCl. 

2.1.3 Native PsbO isolation 

          PSII samples were incubated with 2.0 M NaCl to remove PsbP and PsbQ. Samples 

are further incubated with 2.6 M urea/0.20 M NaCl116 or 1.0 M CaCl2117 to isolate natively 

bound PsbO (native PsbO). Urea-washed PsbO (UW-PsbO) and CaCl2-washed PsbO 

(CaCl2-PsbO) are dialyzed and purified as described in literature.117 The Amersham 

Biosciences AKTA Fast protein liquid chromatography (FPLC) system was used to do 

further purification.  It was equipped with a Superose 12 HR 10/30 (Amersham 

Biosciences). The running buffer contains 100 mM NaCl and 20 mM sodium phosphate, 

pH 6.5. After loading 0.50 ml PsbO sample, the system was run with a constant flow of 

0.50 ml/min, and fractionation was started after the UV absorption significantly increased. 

Samples are frozen and stored at -70 ℃. 

2.1.4 R-V235A PsbO and WT-PsbO overexpression and isolation 

          E.coli BL21(DE3)/pLysS cells, containing the PsbO overexpression plasmid, were 

used for R-V235A PsbO overexpression and purification.118-120 WT PsbO was generated 

by reversing the V235A mutation, using QuikChange II Site-Directed Mutagenesis Kit 

(Agilent Technology). The Met at the N terminal still exits. R-V235A PsbO and WT PsbO 

are respectively purified with method in previous paper.67 Isolated PsbO were dialyzed into 

50 mM MES-NaOH (pH 6.0) and 10 mM NaCl. Same FPLC system and experimental 

conditions were performed to collect fractions. Samples were frozen and stored at -70 ℃. 
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2.1.5 CNF site specific incorporation into PsbO 

          An evolved synthetase system and a TAG stop code were used to incorporated CNF 

into PsbO to substitute F40, F55, F155 and F217 (spinach PsbO numbering).121-122 

Mutagenesis was performed by using QuikChange II Site-Directed Mutagenesis Kit 

(Agilent Technology). The CNF-PsbO was purified from E.coli BL21(DE3) cells, 

containing the PsbO overexpression plasmid and the pDule-pCNF plasmid. The sequences 

of both plasmids were verified before the transformation. The selection media contained 

tetracycline and ampicillin. Methods for protein purification are included in previous 

literature.67 Isolated PsbO were dialyzed into 5 mM 4-(2-hydroxyenthyl)-1-

piperazineethanesulfonic acid (HEPES) (pH 7.5) and 15 mM NaCl. Samples were frozen 

and stored at -70℃. 

2.1.6 PsbO reconstitution and templated PsbO sample preparation 

          Natively bound extrinsic subunits (PsbP/PsbQ and PsbO) are removed by incubation 

with 2.0 M NaCl and 2.6 M urea/0.20 M NaCl, respectively. R-V235A PsbO, WT PsbO or 

CNF-PsbO was reconstituted into urea-PSII (2.0 μM) in 0.40 M sucrose, 50 mM MES (pH 

6.0), 60 mM NaCl and 20 mM CaCl2, supplemented with 0.33 mg/ml bovine serum 

albumin (BSA, Fraction V). PsbO concentrations were 10 μM, corresponding to 5.0 mol 

of PsbO/mol of PSII reaction center. PsbO concentrations were estimated by an extinction 

coefficient, 16 mM-1cm-1 at 276 nm.73 The rebinding reaction was carried out at room 

temperature in the dark for an hour. Non-specifically bound PsbO was removed by low 

spin centrifugation (12,000×g, 4°C, 10 min). Reconstituted PSII samples were resuspended 

in appropriate buffer. Urea-SDS-PAGE and western blot were used to analyze the 
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reconstituted PSII samples. Oxygen evolution assays115 were performed to assess the 

efficiency of PsbO reconstitution. Samples were frozen and stored at -70℃. Reconstituted 

PSII samples are incubated with 2.6 M urea/0.20 M NaCl116 to isolated the reconstituted 

PsbO. The pulled off PsbO is named as templated PsbO. 

 

Figure 4 – R-V235A/WT/CNF-PsbO-PSII reconstitution scheme. 

2.2  Photosystem II and PsbO sample characterization 

2.2.1 SDS-PAGE and western blot analysis 

          SDS-PAGE analysis was performed as described previously.123 Coomassie (Brilliant 

Blue R) was used to stain the gel. 1 μg of chlorophyll was loaded in each lane. Western 

blot analysis used a primary anti-PsbO rabbit antibody124, a secondary anti-rabbit protein 
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A-alkaline phosphatase conjugate (Calbiochem) and a 5-bromo-4-chloro-3-indolyl 

phosphate/nitro blue tetrazolium (BCIP/NBT; Thermo Scientific) liquid substrate system.  

2.2.2 UV-vis and fluorescence spectra 

          A Shimadzu UV-1700 spectrophotometer was used to record UV-Vis absorption 

spectra. Measurements were performed at room temperature in 1 cm quartz cuvettes. The 

scan settings were 0.5 nm interval and 1.0 nm slit width. For UV-Vis, the concentrations 

of protein were 2 μM and of CNF is 10 μM. A Shimadzu FR-5301PC fluorimeter in 1 cm 

methacrylate cuvettes was used to record fluorescence spectra. The slit widths were 3 nm 

excitation and 5 nm emission. For fluorescence, the concentrations of protein and CNF are 

2 μM. Protein and CNF were in buffer containing 5 mM HEPES (pH 7.5) and 15 mM 

NaCl. 

2.2.3 Mass spectral analysis 

          Mass spectra of WT PsbO and CNF PsbO were obtained at System Mass 

Spectrometry Facility in Engineered Biosystem Building of the Georgia Institute of 

Technology by Dr. David Smalley. 

2.2.4 CD 

          CD spectra of 10 μM protein samples were collected from 250 nm to 200 nm in a 

1.0 mm quartz cuvette using a JASCO J-815 CD Spectrometer, equipped with a Peltier-

type cell. Twenty accumulations per scan were averaged in two independent measurements 

for each of the temperatures. Spectrum acquisition parameters: data pitch, 1.0 nm; scanning 
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speed, 20 nm/min; sample concentration, 10 μM; buffer, 10 mM KH2PO4, pH 6.0. A web 

server, BeStsel, was used to perform protein secondary structure analysis.125-126 

2.2.5 UVRR spectroscopy 

          UVRR spectroscopy instrument set-up scheme is shown in Figure 5. UVRR spectra 

were acquired at 8 cm-1 resolution, with 3.8 mW 244 nm excitation probe beam, over 4 

min exposure time and at room temperature. Information of instrument, data collection 

methods and data analysis have been reported in detail previously.101, 108, 127 The 

experiments were performed with 45 μM protein samples and 20 μM CNF in 5 mM HEPES 

(pH 7.5) and 15 mM NaCl. At least two measurements are averaged to generate the spectra. 

 

Figure 5 – UVRR spectroscopy instrument set-up scheme. Panel A, the 244 nm UV 
laser probe is guided to shoot vertically on the sample flow and the scattering is 
collected and finally reaches the CCD camera. Panel B, the protein samples were 
recirculated using a peristaltic pump through a nozzle (~ 120 μm inner diameter) to 
form a jet and the pump was plumbed with silicon tubing.128  
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CHAPTER 3. RESULTS 

3.1 Site directed incorporation of cyanophenylalanine into WT PsbO 

3.1.1 CNF incorporation into WT PsbO 

          Site specific incorporation of CNF into locations (F40, F57, F155 and F217) has 

been attempted. (Figure 6) These positions probed different structural domains of PsbO. 

F40 was in the random coil region domain distal from the proposed proton exit pathway. 

F155 was the in the loop region that participates in the proton exit pathway. F57 was 

located in the β-barrel, at the opposite side of F217. The CN incorporation at F217 was 

confirmed by MS.  

 

Figure 6 – Mapping CNF probes into the PSII proton transfer pathway (4UB6) from 
the OEC to the lumen, involving internal water (blue), amino acid side chains, and 
PsbO (PDB: 3JCU). All phenylalanines are shown in spheres. The phenylalanines, 
F155, F57, F217, and F40, mutated to CNF in initial experiments are shown in green. 
The unmutated phenylalanines are colored in magenta. 

3.1.2 Fluorescence of CNF217 PsbO  

          The 310 nm peak was attributed to the intrinsic fluorescence of tyrosine in PsbO.129 

As shown in Figure 7A, upon exciting at 280 nm, CNF, WT PsbO and 1:1 mixture of (WT-
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PsbO + CNF) had maximum emission at ~310 nm. The fluorescence of the CNF alone in 

aqueous solution was quenched due to the chloride in buffer.95 In the case of CNF217-

PsbO, an obvious red shift was detected, ~24 nm. There are three tyrosine residues within 

15 Å of F217. The incorporation of nitrile group at residue 217 could interrupt the hydrogen 

bonding among aromatic side chains of residues. The shift in the fluorescence emission 

spectrum of PsbO reported the change of tyrosine-tyrosine interaction in PsbO and the 

interactions between other aromatic groups. (Figure 7B) 

 

Figure 7 – PsbO intrinsic fluorescence. Panel A, fluorescence emission spectra of 
PsbO samples. 2 μM of each sample in 5 mM HEPES (pH 7.5) and 15 mM NaCl  was 
excited at 280 nm. WT PsbO in black; CNF-red; 1:1 WT PsbO + CNF mixture; 
CNF217 PsbO in blue. CNF217 PsbO peaked at 334 nm. The other three samples 
peaked at 310 nm. CNF fluorescence was quenched. Panel B, PsbO zoom in view at 
F217. F217 and three tyrosines (Y83, Y110 and Y242) in 15 Å of F217 are shown in 
stick. Panel C, sequence of CNF217 PsbO. The Met at the N-terminal is count as 
number zero. 
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3.1.3 CNF217-PsbO-PSII reconstitution 

          The CNF217-PsbO-PSII reconstitution was confirmed by SDS-PAGE. (Figure 8). 

The PsbO band kept the same in OTG-PSII (lane 1) and SW-PSII sample (lane 2), while 

PsbP and PsbQ were lost after salt wash. After urea wash, the PsbO band became much 

lighter (lane 3). After the reconstitution of WT PsbO (lane 4) and CNF217 PsbO (lane 5), 

the band of PsbO got thicker compared with UW-PSII. Oxygen evolution assay results 

showed that the removal of PsbO led to the dramatically decrease of oxygen evolution 

activity. The reconstitution could restore the oxygen evolution rate in a level comparable 

to WT-PsbO-PSII. (Table 2) The steady-state oxygen evolution activity was in unit of μmol 

of O2 (mg of Chl·h)-1. The percent activity (+ Ca2+) was relative to SW-PSII samples.  

 

Figure 8 – CNF217-PsbO-PSII reconstitution SDS-PAGE gel. Lane 1, OTG-PSII; 
Lane 2, SW-PSII; Lane 3, UW-PSII; Lane 4, WT-PsbO-PSII; Lane 5, CNF217-PsbO-
PSII. PsbO bands are boxed. PsbP and PsbQ are labelled near their bands. 
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Table 2 – Steady-state oxygen evolution activity of CNF217-PsbO-PSII samples 

 

3.1.4 CNF40/57/155-PsbO-PSII reconstitution 

 

Figure 9 – CNF40(A)/57(B)/155(C)-PsbO-PSII reconstitution SDS-PAGE gel. Lane 1, 
OTG-PSII; Lane 2, SW-PSII; Lane 3, UW-PSII; Lane 4, WT-PsbO-PSII; Lane 5, 
CNF40(A)/57(B)/155(C)-PsbO-PSII. PsbO bands are boxed and labelled 
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Table 3 – Steady-state oxygen evolution activity of CNF40/57/155-PsbO-PSII samples 

 

          Besides F217 was substituted to CNF217, incorporation at other locations were 

attempted. The corresponding reconstitution gels (Figure 9) and oxygen evaluation rates 

(Table 3) are shown above. Lane 5 in each panel is the one got most concern. It was the 

line of the reconstituted PSII samples. The PsbO bands in lane 5 were faint and thin, which 

indicated that there were not in a comparable level of PsbO to that in the control bands. It 

was easy to tell from the oxygen evaluation rates that the reconstitution of CNF40/57/155 

neither effectively bound to PSII, nor restored the oxygen evaluation activity as the WT 

PsbO reconstitution did. In the case, of CNF57, the rate even went lower than that of UW 

PsbO which was washed off all extrinsic subunits. The problem may come from several 

sources. First, the DNA sequence of each mutant needs to be double checked to make sure 

the stop code is at the right place. The DNA sequences were confirmed at the very 

beginning of the project. However, it is possible that the cell glycerol stab went bad or 

unexpected mutagenesis occurred in the cell. Second, redo transformation may be 

necessary. Tetracycline was the antibiotic used as selection for the successful 

transformation of the pDule-pCNF plasmid. Tetracycline is sensitive to light. Even though 
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its antibiotic stock solution was stocked at – 20 ℃ and covered by foil, it may degrade 

during the bacteria growth process which may take more than 24 hours, and as a result, the 

selection did not really function as expected. pDule2-pCNF can be tested as an alternative. 

It uses spectinomycin for selection. Spectinomycin is supposed to more stable to survive 

and function properly during the bacteria growth process. 

3.2 Native PsbO, R-V235A PsbO and WT PsbO secondary structure analysis  

          The CD spectra and secondary structure analysis showed no significant difference 

among all PsbO samples at all three temperature conditions. (Figure 9) As the temperature 

increasing, the magnitude around 200 nm significantly increased, which is a 

characterization of random coils and turns.130 Based on the secondary structure analysis 

(Table 4), the heating led to the loss of beta sheet and increase of random turns and coils. 

The cooling resulted in the recovery of structured region percentage and decrease of the 

random coils and turns part. Both R-V235A PsbO and WT PsbO showed reversibility, 

while native PsbO could only reverse part of the change. 

          Compared with previously published data, the percentage of αhelix was comparable 

to the result here, while the percentage of βsheet and random coils are around 10% off. 

Less βsheet and more random coils were detected in my case.84, 131 Besides, R-V235A 

PsbO and native PsbO were reported to be reversible under this experimental condition.84, 

131 However, native PsbO did not show reversibility, while R-V235A PsbO does. Another 

conflict is that under same temperature condition, the secondary structure analysis results 

showed no significant difference among PsbO samples, but the CD spectra of PsbO 

samples in Figure 10 D-F could not overlap well. Moreover, the data shown here cannot 

overlap well with the published data collected by other labs.84, 131 
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          The CD spectra of CNF PsbO samples will be collected, and their secondary 

structure will be analyzed. The incorporation of CNF into PsbO is not supposed to cause 

significant secondary structure change. 

 

Figure 10 – CD spectra of native PsbO (green), WT PsbO (purple) and R-V235A 
PsbO (black). Protein samples were in 10 mM KH2PO4, pH 6.0. CD spectra were 
acquired at 25 ℃ (solid). Each sample was them melted at 90 ℃ (dashed) in a Peltier 
cell and subsequently cooled back down to 25 ℃ (dot-dashed). Panel A, B and C are 
the melting profile of native PsbO, R-wt PsbO and R-VAp PsbO, respectively. In D-
F, comparisons of three types of PsbO are shown at 25 ℃ (D), 90 ℃ (E) and 25 ℃ 
post-melt (F). Vertical tick marks represent 2 mdeg. 
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Table 4 – PsbO samples secondary structure composition analysis 

 

 

3.3 PsbO ultra-violet resonance Raman spectroscopy experimental condition 

investigation 

3.3.1 Optimal laser power and CNF limit of detection 

          Under multiple laser powers UV irradiation, a gradient of CNF was used to test the 

limit of detection (LOD) concentration. 20 μM CNF was required to give the 3225 cm-1 

peak when the laser power was stronger than 1.5 mW. (Figure 10) In general, higher laser 

power gave UVRR spectra with higher S/N. Increase of sample concentration significantly 

helped enhance the S/N when the concentration was lower than 20 μM. When the 

concentration was higher than 20 μM, increasing concentration did not improve the 

magnitude of signal. 20 μM is the LOD of CNF in the Raman experiment. The UVRR 

spectrum of 20 μM CNF is optimized under 3.8 mW laser probing. A gradient of laser 

power was tested. Laser power of 3.8 mW maximized the signal-to-noise ratio (S/N) of the 

spectrum with no significant UV damage to the sample. (Figure 15) High laser power did 
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not come with corresponding level of S/N enhancement and there would be higher risk of 

photodamage on protein sample. 

 

 

Figure 11 – UVRR spectra of CNF for optimal laser power investigation. In each 
panel, A-100 μM CNF-yellow-solid line; B-50 μM CNF-black-solid line; C-20 μM 
CNF-brown-solid line; D-10 μM CNF-green-solid line; E-5 μM CNF-blue-solid line; 
F-2 μM CNF-red-solid line; all magenta dashed line superimposed with A-F is spectra 
of buffer. I-IV panel was performed under different laser power. I.-6 mW; II.-3.8 mW; 
III.-1.5 mW; IV.-300 μW. 
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3.3.2 PsbO limit of detection 

 

Figure 12 – UVRR spectra of BSA concentration gradient. In each panel, A-50 μM 
BSA-dark green-solid line; B-20 μM BSA-green-solid line; C-10 μM BSA-blue-solid 
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line; D-5 μM BSA-red-solid line; all magenta dashed line is spectra of buffer. I-III 
panel was performed under different laser power with UV probe 244 nm. I.-3.8 mW; 
II.-1.5 mW; III.-300 μW. 

          Commercially purchased BSA was used to test the protein limit of detection 

concentration. Under optimal laser power UV irradiation, 3.8 mW, 10 μM  BSA spectrum 

showed good S/N. (Figure 11) Number of each aromatic amino acid in BSA was more than 

the double of what in PsbO sequence (Table 5). Therefore, the LOD of PsbO was assumed 

to be higher than 20 μM. 

Table 5 – Number of aromatic amino acid in BSA132 and PsbO 

 

3.3.3 Single aromatic amino acid UVRR spectra 

          UVRR spectra of aromatic amino acids (tyrosine, tryptophan, phenylalanine) were 

collected as controls for the assignment of UVRR bands in PsbO. (Figure 12) 
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Figure 13 – UVRR spectra of single aromatic amino acid. A-1 mM Trp; B-1 mM Tyr; 
C-1 mM Phe. Spectra were collected under 3.8 mW UV probe at 244 nm. 

3.3.4 45 μM WT PsbO UVRR spectra 

          20 μM CNF (Figure 13, A) had signature peaks at 1178, 1608 and 2235 cm-1. Two 

repeats of 20 μM CNF217 PsbO (Figure 13, B and C) could not give UVRR spectra 

containing protein peaks. Higher concentration of CNF217 PsbO may be required for the 

detection and optimal of the CN S/N in UVRR spectrum. 45 μM WT PsbO (Figure 13, D) 

allowed the observation of protein signals. 20 μM 1:1 mixture CNF+WT PsbO (Figure 13, 

E) showed three signature peaks with good S/N. Meanwhile, the 2235 cm-1 peak shifted 7 

wavenumber to the hydrophobic direction. 
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Figure 14 – UVRR spectra of PsbO and controls. A-20 μM CNF-red-solid line; B-20 
μM CNF217 PsbO copy 1-blue-solid line; C-20 μM CNF217 PsbO copy 2-green-solid 
line; D-45 μM WT PsbO-black-solid line; E-20 μM 1:1 mixture of (WT PsbO+CNF)- 
PsbO-brown-solid line; all magenta dashed line is spectra of buffer. Spectra were 
collected under 3.8 mW UV probe at 244 nm. 

3.3.5 Photodamage test 

          Photodamage was assessed by comparing UVRR spectra of 45 μM WT-PsbO under 

two different UV irradiation exposure times. The spectrum of 45 μM WT-PsbO 

experienced 4 min UV exposure overlapped well with the 8 min trial. No significant 

changes to the UVRR spectrum as a result of additional UV irradiation were observed. 

(Figure 14) The spectrum of 45 μM WT-PsbO experienced 4 min UV exposure overlapped 

well with the 8 min trial. To exclude the possibility that the sample had already been 

damaged at the starting point of UV exposure, UV-Vis of sample before applied to UVRR 

experiment and after were collected. No significant change happened to the UV-Vis spectra. 
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Figure 15 – UVRR spectra for photodamage test. Red solid line, 45 μM WT PsbO 
exposed to the UV probe for designed experimental condition, 4 min. Black solid line, 
45 μM WT PsbO exposed to the same UV probe for double the experiment time, 8 
min. Magenta dashed line, spectrum of buffer. 
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CHAPTER 4. CONCLUSIONS AND DISCUSSIONS 

          The templating effect of PSII to PsbO has been proposed in published literature. the 

secondary structure of PsbO undergoes 30-40% change (increase of β-content and decrease 

of random coils) when bound to PSII.119 The incorporation of CNF into different locations 

in PsbO is to identify the residues that may response to the templating impact. The CD data 

and protein secondary structure study indicated that there is not obvious secondary 

structure difference among all PsbO samples. The V235A mutation did not make 

significant effect of the protein structure and melting behavior. CD spectra are designed to 

make sure there are not significant structural distinction among all types of PsbO. The 

comparison of UVRR and fluorescence spectra can tell the environmental electrostatic 

change of each residue before and after bound to PSII. 

          Since PsbO samples were characterized alone in solution, the templating effect last 

till PsbO was isolated from PSII. During the reversibility test, native PsbO cannot fully 

recover its secondary structure which shown as CD spectra could not overlap before and 

after heating/cooling. This phenomenon may reflect that the templating effect could be 

broken by exogenous damage (e.g. heating to 90 ℃) and the damage cannot auto-recover 

by cooling. Other restrictions on the templating effect can be studied in the future. 

          CNF has been successfully incorporated into PsbO residue 217. Its incorporation 

maintained the function of PsbO in PSII. The methods and experimental details applied in 

the process can support the further incorporation of other proposed residue positions, for 

example, F55, F155 and F57. In addition to the substitution of phenylalanine, other 
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aromatic amino acid, like tyrosine, can be considered to practice this method to facilitate 

the probing of protein structural conformation. The influence of nitrile group to the 

hydrogen bonding map in PsbO could be reflected by the intrinsic fluorescence of PsbO. 

Experimental conditions investigated to improve the S/N of UVRR spectrum, while 

preventing the protein sample from photodamage and minimizing the amount of protein 

sample required in each trial, could benefit future UVRR spectroscopy experiment. 

Moreover, distinction of UVRR spectra between CNF PsbO samples and templated CNF 

PsbO samples could provide information on how and where PsbO responds to PSII, thanks 

to the probing of nitrile group. 

          Speaking of future direction, the achievement of site-specific incorporation of CNF 

at 155 may be exciting. F155 was located in the proposed proton exit pathway. UVRR data 

collection while lasing the CNF155-PsbO-PSII could tell how PsbO made conformational 

change to function properly and to get involved in the proton exit pathway during the OEC 

five S-state cycle. 

Finally, the work in this thesis provides a method to introduce vibrational probe 

into PsbO and techniques/experimental details to characterize the conformation of PsbO. 

These results can benefit future research on PsbO conformation study and help deeper 

discovery PsbO conformation-function relationship. This is especially meaningful in the 

case that PsbO is an IDP. The methods and conclusions collected in the process can provide 

a framework for conformation study of other IDPs that may have essential function in other 

areas of biochemistry.  
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