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Enkel sammanfattning på svenska 

Det övergripande målet med mitt doktorand projekt har varit att fördjupa vår 

förståelse för fotosyntesreaktionen. Mer specifikt ville jag veta vilket bidrag 

tylakoidlumenproteiner har i denna process. Det har vi gjort genom att 

bestämma den tredimensionella strukturen av några tylakoidlumenproteiner 

med hjälp av röntgenkristallografi och kärnmagnetisk resonans (NMR). Jag har 

också gjort biokemiska karaktäriseringar av proteinerna för att förstå deras 

funktion. Det är viktigt att kartlägga mekanismerna bakom uppbyggandet av 

fotosystemkomplex för att förstå hur det första steget i den livsviktiga processen 

där dagsljuset omvandlas till energi i växter upprätthölls. Bland annat vet man 

inte hur fotosystem II (PSII) komplexet byggs upp och varför vissa proteiner i 

tylakoid lumen är essentiella för denna process. 

PSII är ett dynamiskt och välstyrd protein- och pigmentkomplex som består av 

fler än 20 proteiner och minst 80 kofaktorer, och är förankrad i 

tylakoidmembraner av fotosyntetiserande organismer. PSII komplexet är 

ansvarigt för syresättningen av  vår atmosfär. Syret bildas i tylakoidlumen när 

vattenmolekyler bryts isär till väte och syre med hjälp av just PSII komplexet. 

Ett av de viktigaste proteinerna i fotosyntesreaktionen heter D1 som spänner 

tylakoid membranet och är centralt lokaliserad inuti PSII komplexet. På grund 

av ljusskador måste D1-proteinet bytas ut ofta, följdaktligen är PSII regelbundet 

under reparation.  

Detaljerna bakom uppbyggandet och upprätthållandet av PSII komplexet är 

fortfarande okända och ett av stegen att lösa denna gåta är strukturerna av de 

involverade proteinerna. Vi har lyckats att lösa strukturer på tre tylakoidlumen 

proteiner som är viktiga för PSII uppbyggnad och reparation: HCF136, LPA19 

och MPH2. Både HCF136 och LPA19 är betydelsefulla i uppbyggandet av PSII 

komplexet och därför även för fotosyntesreaktionen som helhet. Det tredje 

proteinet är MPH2, även kallad för TL16, som är viktigt för reparationen av PSII 

komplexet. Strukturerna av proteiner som involverade i denna process kan visa 

hur proteiner binder till varandra och mellan vilka aminosyror protein-protein 

interaktioner sker. Detta kan leda till en djupt och detaljerad förståelse av 

uppbyggandet och upprätthållandet av PSII komplexet, och i ett längre 

perspektiv hur solenergi omvandlas till kemisk energi i växter. 
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Abstract 

Little is known about the structures and functions of thylakoid lumen proteins. 

However, some of these proteins have an essential role in photosynthesis. 

Photosystem II (PSII) complexes are embedded in the thylakoid membrane of 

oxygenic photosynthetic organisms and one of the central subunits, the D1 

protein, is damaged by light during the light driven water – splitting reaction 

and must be replaced frequently. One of the thylakoid lumen proteins that is 

essential for assembly and renewal of PSII complexes is the High Chlorophyll 

Fluorescence 136 (HCF136) protein. Another important protein for the PSII 

complex assembly is the Low PSII Accumulation Protein 19 (LPA19). Both 

proteins, HCF136 and LPA19, were shown to bind to the core subunits of the 

PSII complex from the lumenal side and LPA19 has been shown to explicitly 

interact with the soluble C-terminus of the D1 protein, one of the core PSII 

complex proteins. Prior to the replacement of the damaged D1 protein, the PSII 

complex needs to be disassembled, which is done with the help of the 

Maintenance of Photosystem II under High light 2 (MPH2) protein. MPH2, also 

called TL16, is required during the repair cycle of the PSII complex particularly 

under increased and fluctuating light conditions.          

In this work I have determined the three-dimensional X-ray structures of the 

HCF136 protein at 1.6 Å resolution and the LPA19 protein at 1.2 Å resolution 

and have also biochemically analyzed possible interactions of HCF136 with the 

C-termini of D1 protein. In addition, we have determined the NMR structure of 

the MPH2 protein.    

The protein structures of HCF136, LPA19, and MPH2 determined from A. 

thaliana provide us with a starting point for further studies to improve our 

understanding of their functional roles in the assembly, maintenance, 

disassembly and renewal of the PSII complex. The structures are revealing the 

molecular details that are particularly important during the design of mutations 

to study protein-protein interactions and the binding of co-factors.  

Furthermore, I have contributed to the characterization of AnPrx6, the 1-Cyx 

peroxiredoxin from Anabaena sp. 7120. Peroxiredoxins are important 

caretakers of reactive oxygen species and a homolog PrxQ in A.thaliana is found 

in the thylakoid lumen. The dimeric AnPrx6 protein revealed different active 

site residues conformations in each of the dimers, which is probably coupled to 

its enzymatic activity. Unexpectedly, the protein acted also as a chaperone and 

showed chaperone activity in its dimeric state, which is a novelty for Prx 

proteins.   
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Aim of this thesis 

PSII is solely responsible for all oxygen manufacture in the oxygenic 

photosynthetic organisms. High resolution structures of the PSII complexes 

have well described the PSII interior in the membrane. However, the functions 

of the important thylakoid lumen proteins, especially their mechanisms, in PSII 

assembly and repair are not well understood. Solving their three-dimensional 

structures is important for a detailed understanding of their functional 

mechanism.         

The general aim of this thesis is to gain structural and functional insights into 

the mechanisms of assembly and maintenance of the Photosystem II complex 

(PSII) by focusing mainly on the soluble protein fraction of the thylakoid lumen 

and determining their structure by X-ray crystallography (and NMR). 

 
The more specific aims: 

 
Paper I Determine and analyze the three-dimensional structure of the

 essential Photosystem II assembly factor HCF136.  

Paper II Cloning, protein expression, crystallization and initial

 diffraction data collection of the important PSII assembly

 protein-LPA19.  

Paper III Determine and analyze the three-dimensional 

 structure of the LPA19 protein. 

Paper IV Solution structure and structural analysis of the MPH2 protein

 that is required for PSII repair.  

Paper V Active-site plasticity revealed in the asymmetric dimer of AnPrx6

 the 1-Cys peroxiredoxin and molecular chaperone from 

 Anabaena sp. PCC 7120.  
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Introduction / Background 

Oxygenic photosynthesis 

Oxygenic photosynthesis supports most of the life on Earth through the 

production of molecular oxygen and carbohydrates. The process of 

photosynthesis is the conversion of sunlight into a usable and storable form of 

chemical energy that involves the usage of atmospheric carbon dioxide and 

water to build up carbohydrates and oxygen at expenditure of solar light. It is a 

highly fine-tuned biochemical reaction that is performed by oxygenic 

photosynthetic organisms such as plants, algae, and cyanobacteria. The 

transformation of CO2 to C6H12O6 (glucose) occurs mainly during Calvin-Benson 

cycle, requiring NADPH and ATP as co-factors. These co-factors were previously 

generated during a set of complex chain reactions involving capturing light, 

electron transport, water splitting, and proton pumping.    

Light + 6CO2 + 6H2O          C6H12O6 + 6O2 

 
The location of oxygenic photosynthesis within the cell depends on the 

organism. Higher plants and algae have distinct organelles – chloroplasts, 

which contain stacks of thylakoids with photosynthetic machineries. 

Cyanobacteria on the other hand have a simpler architecture locating their 

thylakoids right next to an inner membrane. In cyanobacteria, the pigment 

absorbing the majority of light is phycobilin and in higher plants it is 

chlorophyll. These light absorbing pigments are found in the thylakoid 

membranes where the initial reaction of photosynthesis takes place. Noteworthy 

is that the design of thylakoids in chloroplasts is different compared to 

cyanobacteria. In chloroplasts, thylakoids are mostly stacked upon each other 

with very few interconnections to other thylakoid stacks. This architecture of 

thylakoids is called grana thylakoids. In cyanobacteria, thylakoids are neither 

stacked nor interconnected. The different thylakoid architecture within 

chloroplasts and cyanobacteria plays an important role in the repair cycle of the 

photosynthetic apparatus. 

Photosynthetic apparatus and electron transport 

The photosynthetic apparatus is composed of two reaction center complexes, 

Photosystem I (PSI) and Photosystem II (PSII) that together with the 

cytochrome b6f complex form an electron transport chain along within the 

thylakoid membrane (Figure 1).  
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Figure 1. The architecture of stacked and stroma-exposed thylakoid membranes inside of a 

chloroplast. The electron transport chain is marked as a dashed line. Photosynthetic apparatus 

(PSII and PSI), Cytb6f and ATPase are embedded in the thylakoid membranes. The secondary 

structures of proteins involved in the electron transport are depicted as ribbons. Structural protein 

representations in the figure were obtained from the protein data bank (PDB) using following PDB 

codes: 3jcu (PSII-LHCII complex from spinach), 2d2c (Cytochrome b6f from cyanobacterium), 

1ag6 (plastocyanin from spinach), 2wsc (PSI-LHCI from A. thaliana), 1a70 (Ferredoxin from 

spinach), 1fnc (Ferredoxin-NADPH reductase (FNR) from spinach) and 5lqz (F-ATPase from 

fungi). PQH2 is an abbreviation for plastoquinol molecule. 

The PSII complexes in chloroplasts are predominantly located in the stacked 

thylakoid-grana, whereas PSI complexes are located in the non-stacked 

thylakoid region, so called lamellae, of the thylakoid membranes (Albertsson 

2001, Pribil, Labs et al. 2014, Rast, Heinz et al. 2015). The core of the PSII 

includes four transmembrane protein subunits: D1 (PsbA), D2 (PsbD), CP43 

(PsbC) and CP47 (PsbB). One of the functions of the core proteins is to build up 

and stabilize the oxygen evolving center (OEC) that produces one molecule of 

oxygen from two molecules of water, reviewed in (Dasgupta, Ananyev et al. 

2008, Govindjee., Kern et al. 2010). Reaction center proteins D1 and D2 consist 

mainly of tightly interconnected transmembrane helices for structural stability, 

pigment and cofactor binding, and scaffolding for the electron carriers. Based 

on the structural details of the PSII complexes the hydrophilic C-terminal 

regions of D1 and D2 are essential for protein-protein interactions in the 

thylakoid lumen. In addition, residues from the C-termini of D1 and CP43 are 

directly coordinating the OEC. The inner antenna proteins CP43 and CP47 are 

subunits which contain transmembrane spanning helices, and bind pigments 

and cofactors. Furthermore, domains of the CP43 and CP47 exposed to the 

lumen provide a scaffold for interaction of extrinsic proteins in order to 

maximize the water splitting reaction and shield it from lumenal reductants 
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(Umena, Kawakami et al. 2011, Wei, Su et al. 2016). The function of the extrinsic 

proteins are reviewed in (Bricker, Roose et al. 2012). 

Several high-resolution structures of PSII (Figure 2) and PSI are available from 

cyanobacteria to higher plants  elucidating these remarkable complexes in great 

details (Umena, Kawakami et al. 2011, Ago, Adachi et al. 2016, Wei, Su et al. 

2016, van Bezouwen, Caffarri et al. 2017). The most recent PSII structure from 

pea contains 28 protein subunits, 157 chlorophylls and 44 carotenoids (Su, Ma 

et al. 2017). In another study, the structure of the PSI complex from pea was 

determined which is composed of 16 protein subunits, ≥150 chlorophylls and 

≥30 carotenoids (Mazor, Borovikova et al. 2017). Cyanobacteria’s PSI and PSII 

consist of 12 and 20 protein subunits, respectively, and contain approximately 

half of the number of pigments compared to the higher plants (Jordan, Fromme 

et al. 2001, Guskov, Kern et al. 2009).  

 

Figure 2. Ribbon representation of a side (A) and top (B) view of the dimeric, fully assembled, 

PSII-LHCII supercomplex from spinach (PDB code: 3jcu) (Wei, Su et al. 2016). For clarity, the 

pigments are omitted from the complex structures. The core subunits are depicted: D1=red, 

D2=orange, CP43=yellow, CP47=dim grey, PsbI=magenta, cytβ559=cyan, PsbO=green, PsbQ=light 

grey, PsbP=blue. LHCII is represented in a forest green color.   

B 

A 
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PSI and PSII contain so called light harvesting proteins which are able to 

capture visible light through their different set of pigments. Pigments serve as 

protectants of the photosynthetic machinery against excess of light and 

oxidative damage (Demmig-Adams and Adams 2006). However, the major 

function of the pigments is to absorb photons in order to initiate the electron 

transport chain within the thylakoid membrane. The absorption of light photons 

generates an elevated excited electronic energy state, which is further guided by 

other pigment molecules towards the reaction centers of PSI and PSII. A specific 

chlorophyll a pigment molecule called P680 receives the excited energy and 

donates its electron to the first electron acceptor pheophytin inside of the PSII 

reaction center. The electron is further transferred to two plastoquinones QA and 

QB, and the letter becomes reduced and protonated forming a plastoquinol 

(PQH2) molecule. PQH2 leaves the reaction center of PSII and moves through 

the hydrophobic membrane towards the cytochrome b6f complex. Meanwhile, 

the highly oxidized P680+ extracts an electron from water oxidation carried out 

by the manganese cluster. PQH2, assisted by cytochrome b6f, donates electrons 

to the plastocyanin protein inside the thylakoid lumen. A similar light 

absorption process occurs in PS I complex, which uses another chlorophyll a 

pigment molecule called P700 to receive the excited energy from light. P700 

then donates its electron to another electron acceptor chlorophyll a pigment and 

a quinone molecule. The electron is further transported in the stroma via the 

electron carrier protein ferredoxin and used by the ferredoxin-NADP+ reductase 

(FNR) to reduce NADP+ to NADPH. Plastocyanin donates an electron to P700+ 

converting it back to P700 (Govindjee., Kern et al. 2010, Vinyard, Ananyev et al. 

2013, Nelson and Junge 2015, Johnson 2016).  

Overview of the chloroplast thylakoid lumen 

One of the important functions of the thylakoid lumen is to accumulate the 

excess of protons. Proton accumulation within the thylakoid lumen takes place 

as a result of water-splitting and plastoquinol oxidation. The difference in 

proton concentration, ∆pH, between the thylakoid lumen and the stroma drives 

ATP synthesis by the ATP synthase located in the thylakoid membrane 

(Johnson 2016). Upon illumination, the concentration of protons increases 

inside of the lumen creating an acidic pH environment and causing the lumenal 

space to expand up to two times (Kirchhoff, Hall et al. 2011, Hohner, Aboukila et 

al. 2016). Varying pH values have been described of the thylakoid lumen 

ranging from 7.8 in darkness to approximately 5.7 in light (Rottenberg, Avron et 

al. 1972, Rottenberg and Grunwald 1972, Schuldiner, Rottenberg et al. 1972, 

Kramer, Sacksteder et al. 1999, Evron and McCarty 2000, Takizawa, Cruz et al. 

2007, Tikhonov 2013, Tikhonov 2017). The proton gradient also regulates the 

import and export of some ions. However, ion transport through the thylakoid 

membrane is still not well understood (Hohner, Aboukila et al. 2016). 
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Nuclear encoded proteins are transported into the thylakoid lumen passing 

through both the chloroplast membrane and thylakoid membrane barriers. The 

chloroplast membrane transport pathway is facilitated by two oligomeric 

protein complexes called translocon at the outer envelope membrane of 

chloroplasts (TOC), and translocon at the inner envelope membrane of 

chloroplasts (TIC). A thylakoid lumen protein includes two special N-terminal 

recognition or signal peptides which guide it through the chloroplast and 

thylakoid membranes. The first signal sequence is cleaved by a peptidase in the 

stroma while the second is processed in the thylakoid lumen. There are four 

protein translocation pathways known which assist protein passage through the 

thylakoid membrane. One of them is called secretory (Sec) pathway, which is an 

ATP dependent pathway that transports proteins in their unfolded state. 

Another is the twin-arginine translocation (Tat) pathway which recognizes a 

pair of arginine residues at the N-terminal part of the signal sequence. Tat does 

not depend on ATP as an energy source but instead on a proton gradient in the 

lumen. A noteworthy characteristic of the Tat pathway is that it enables the 

transport of functionally folded proteins into the lumen. The third and fourth 

pathways include proteins which have their functional role inside of the 

thylakoid membrane. One is the chloroplast signal recognition particle (cpSRP), 

and the other is suggested to be an independent protein inserting pathway also 

called spontaneous pathway. Nuclear encoded membrane proteins inside the 

stroma are helped to reach the thylakoid membrane by cpSRP. Plastid encoded 

proteins may be co-translationally inserted into the thylakoid membrane by 

ribosomes, which are assisted by cpSRP (Richter, Bals et al. 2010). The 

spontaneous pathway has been suggested to work without any translocation 

apparatus. However, more research has to be done to elucidate the detailed 

mechanisms behind all four pathways which are reviewed elsewhere 

(Gutensohn, Fan et al. 2006, Aldridge, Cain et al. 2009). 

The thylakoid lumen has been suggested to contain approximately 80 different 

proteins (Schubert, Petersson et al. 2002, Kieselbach and Schröder 2003, 

Schröder and Kieselbach 2003). Some of these proteins are enzymes with a 

suggested ATPase and GTPase activity requiring the presence of nucleotides 

inside of the lumen (Spetea and Lundin 2012). Others are involved in protease 

activity (Kieselbach and Funk 2003, Schuhmann and Adamska 2012, Che, Fu et 

al. 2013), photoprotection (Hieber, Bugos et al. 2000), electron transport 

(Kieselbach, Bystedt et al. 2000), protein regulation and folding (He, Li et al. 

2004, Tomasic Paic and Fulgosi 2016). The most relevant proteins from the 

perspective of this thesis are those involved in the assembly, renewal and 

disassembly of the PSII complex. 
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Main steps in assembly and renewal of the Photosystem II 

(PSII) complex 

PSII complex assembly and renewal are highly ordered and coordinated events 

where many proteins, pigments, organic and inorganic co-factors must co-

operate in order to produce an optimized water splitting active PSII.  

One of the first steps in de novo assembly of PSII complexes in cyanobacteria is 

the formation of a pre-complex consisting of the D1 protein, a low molecular 

mass subunit PsbI (Dobakova, Tichy et al. 2007), and probably Ycf48 

(Komenda, Nickelsen et al. 2008). YCF48 is a cyanobacterial homologue of 

HCF136 from higher plants. Ycf48 functions as an important assembly factor of 

PSII (Meurer, Plücken et al. 1998, Plücken, Müller et al. 2002, Komenda, 

Nickelsen et al. 2008). It has been suggested that chlorophyll insertion into the 

D1 pre-complex (Knoppova, Sobotka et al. 2014) occurs before building up an 

initial reaction center with a pre-complex of D2 (Baena-Gonzalez and Aro 2002, 

Dobakova, Tichy et al. 2007). The D2 pre-complex includes the PsbE and PsbF 

subunits, collectively known as cytβ559, (Komenda, Reisinger et al. 2004). Then 

the CP47 pre-complex is formed and attached to the existing reaction center 

(Boehm, Yu et al. 2012). Insertion of the CP43 pre-complex creates the final 

form of the inactive PSII monomer (Rokka, Suorsa et al. 2005). Crucial steps in 

the activation process involve processing of the C-terminus of the D1 protein by 

CtpA (Reisfeld, Mattoo et al. 1982, Taguchi, Yamamoto et al. 1993, Anbudurai, 

Mor et al. 1994), assembly of the OEC, dissociation of Psb27 from the PSII 

complex (Roose and Pakrasi 2004, Roose and Pakrasi 2008, Wei, Guo et al. 

2010), and attachment of the extrinsic proteins; PsbO, PsbQ, PsbP to the 

monomeric PSII (Figure 3) (Wei, Su et al. 2016). Finally, activated PSII 

monomers form dimers and bind to the antenna complexes, reviewed in 

(Mullineaux 2008, Kouril, Dekker et al. 2012). Selected reviews on the assembly 

of PSII complex are provided in the following references (Govindjee., Kern et al. 

2010, Nickelsen and Rengstl 2013, Ruhle and Leister 2016, Eaton-Rye and 

Sobotka 2017).  
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Figure 3. Reaction center complex together with antenna proteins of the PSII representing (A) core 

proteins, buried Mn4CaO5 cluster and (B) extrinsic proteins of the OEC from spinach (PDB 

code:3jcu) (Wei, Su et al. 2016).    

The repair process of PSII starts with light-initiated damage of the PSII core 

polypeptide-D1. Details underlying the molecular process of photodamage are 

not fully understood, as reviewed in (Vass and Cser 2009, Takahashi and 

A 

B 

90˚ 
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Badger 2011). However, accumulation of reactive oxygen species (ROS) during a 

water splitting process has a confirmed destructive effects on D1, as reviewed in 

(Edelman and Mattoo 2008). D1 is experiencing the largest oxidative light 

damage and has the highest turnover rate of all PSII proteins (Mattoo, 

Hoffman-Falk et al. 1984, Vass 2011, Tyystjarvi 2013). D2, CP43 and PsbH are 

less frequently replaced during the repair cycle while other subunits of the PSII 

complex are recycled. More details are reviewed in  (Jarvi, Suorsa et al. 2015).  

Following the photodamage of D1, the repair cycle starts with the disassociation 

of PSII from its antenna complex, LHCII, and dissociation into monomers, and 

continues with the migration of PSII from a stacked grana thylakoid to a non-

stacked stroma thylakoid. One of the required proteins in the partial 

disassembly of the monomeric PSII complex was suggested to be MPH2 (Liu 

and Last 2017), also called Thylakoid lumen 16 kDa (TL16) (Mant, Kieselbach et 

al. 1999). In the stroma-exposed thylakoids the core of PSII undergoes a minor 

disassembly where D1 is being degraded and a newly synthetized precursor D1 is 

co-translationally inserted into the PSII. In a later step, CP43 and OEC are re-

incorporated and the monomeric PSII migrates back to the stacked grana 

thylakoids where it dimerizes and forms the supercomplex with LHCII. The 

repair cycle is reviewed in more detail in (Aro, Suorsa et al. 2005, Herbstova, 

Tietz et al. 2012, Nickelsen and Rengstl 2013, Lu 2016, Theis and Schroda 

2016).       

The process of PSII complex assembly and maintenance, however, is still not 

well understood. In particular the functional and structural characterizations of 

proteins, which support this process, are still a challenge for the researchers in 

the field. The work of this thesis was mainly concerned with the determining the 

structures of crucial thylakoid lumen proteins involved in the assembly and 

repair cycle of PSII in A. thaliana, and with evaluating interactions between 

different assembly factors and the PSII D1 subunit.  
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Materials and Methods 

Cloning and protein expression  

One of the most common ways of producing proteins for macromolecular 

crystallization is based on cloning a gene of interest into an organism for 

recombinant overexpression of the encoded protein. The gene of interest is 

either synthetically produced or extracted from genomic DNA or a cDNA library 

using the polymerase chain reaction (PCR). There are several cellular organisms 

which may be used for recombinant overexpression of proteins, such as the 

most widely used E. coli bacterial cells, insect and mammalian cells, and 

filamentous fungal and yeast cells. There is also an option of cell-free expression 

of proteins. The choice is most often based on the features of the protein of 

interest and its purpose of usage. If one is working with an insoluble protein, 

there is a possibility to fuse a so-called carrier protein in front of the protein of 

interest which can enhance the stability and solubility of the target protein 

(Bogomolovas, Simon et al. 2009). This approach can help with the purification 

procedure as well. The carrier protein can be cleaved off the target protein by an 

appropriate protease, e.g. the tobacco etch virus (TEV) protease if there is an 

introduced intrinsic recognition site for the protease (Waugh 2011).  

 

X-ray crystallography 

X-ray crystallography is one of the most powerful and widely used methods in 

the field of structural biology. It provides the structural composition of a 

crystallized molecule of interest at atomic resolution. Different organic, 

inorganic and biological molecules can form crystals. Therefore, depending on 

the properties of the crystallized material, the method of X-ray crystallography 

is applied into different fields of sciences; from material science, to 

biotechnology, molecular biology and medicine. In this work the method of X-

ray crystallography was only applied to crystallized biological macromolecules – 

proteins, and that is why this particular approach will be described in this 

thesis. 

Crystallization and diffraction 

Most often protein crystallization is a very complicated and time-consuming 

process, if one wishes to obtain a well diffracting crystal. There are many 

different factors that affect protein crystallization. Most common factors are the 

type of precipitant (e.g. PEG, NH4Cl), salt and protein concentrations, the 

temperature, pH, metal ions, and other additives. Knowing as much as possible 

about the protein of interest is a big advantage and the key for successful 
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crystallization and crystal structure determination. The knowledge may partially 

be obtained from the bioinformatic analysis of the protein sequence and from 

searching the sequence data banks and literature for homologous proteins. 

Knowing the properties of the protein helps also in planning of the cloning, 

overexpression and purification steps. When the protein or part of it e.g. a 

domain is overexpressed, and purified to the best possible extent it should be 

soluble, stable and preferably homogeneous since these factors are crucial in 

protein crystallization. What are the important steps during the protein 

crystallization procedure? The first step is nucleation of protein molecules. 

During this step molecules have to slowly pass a thermodynamic barrier from 

being in solution to being part of highly ordered periodic aggregates. The second 

step to crystallization is the sustained growth of these ordered aggregates. 

During this step, more protein molecules prefer to attach to the ordered 

aggregates rather than being in solution and hence building up a crystal. In 

other words a crystallizer tries to create conditions for protein molecules so that 

they energetically prefer the solid state over the solution state. (McPherson 

1990). The biggest challenge in protein crystallography is to obtain these 

aggregates in a perfectly ordered fashion without major irregularities in the 

crystal lattice.  

The reason for using X-rays for diffracting of protein crystals is their 

wavelength, which ranges from 0.01 to 10 nm (0.1 – 100 Å). To be able to look at 

the atomic level of a typical carbon-carbon covalent bond (1.3-1.6 Å distance), 

which predominantly exist in protein molecules, one need to use a  wavelength 

of similar size. That is why the wavelength of X-rays used for protein 

crystallographic studies is usually in the range of 0.9-2 Å. Theoretically, the 

maximum resolution of the molecule that can be obtained is about half of the 

wavelength used. X-rays are scattered by the electrons surrounding the atoms of 

the protein molecule. The resulting diffraction pattern is detected on a 2 

dimensional area detector. The diffraction spots correspond to the amplified 

intensities obtained due to constructive interference from scattering of X-rays 

on electrons that lie on, so called Miller planes. Each set of Miller planes has 

different but constant inter plane distances and cut at various angles through 

the unit cells of the protein crystal and gives rise to one diffraction spot. Bragg’s 

law ( = 2d sin) in combination with the Ewald sphere construction must be 

fulfilled to obtain constructive interference and a particular diffraction pattern 

that can be recorded on the detector.   

Why do we need perfectly-ordered protein crystals? The reason is called 

constructive interference which leads to a drastic increase in the measurable 

diffracted intensities. A usual protein crystal, depending on crystal size and unit 

cell parameters, contains between 1012 – 1018 unit cells, each containing one or 

more protein molecules. If the unit cells and their contents are perfectly ordered 
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and if the conditions for Bragg’s law are fulfilled, then constructive interference 

of the diffracted X-rays lead to greatly amplified diffraction intensities (about 

1012-1018 times) which can be measured with an X-ray detector. One may obtain 

beautiful looking protein crystals which do not diffract to a high enough 

resolution for example due to irregular packing of the protein molecules in the 

unit cell/asymmetric unit. Before the crystal is exposed to X-rays it is often 

equilibrated with a cryo-protectant solution which is preventing ice formation 

during vitrification. This shock-cooling process has to be done very rapidly to 

avoid crystal damage due to ice formation during the procedure. Liquid nitrogen 

which has its boiling point at -196 °C or 77 K fits for this purpose. Vitrification of 

the crystal is essential in order to reduce the effects of radiation damage from 

high intensity X-rays.  

For data collection, the crystal is rotated by a fixed amount during each 

exposure (typically between 0,1° to 1° per image) and, depending on crystal 

symmetry and the required data redundancy, a total rotation range of 180° to 

360° or more is covered.  

Data processing and structure determination 

Indexing each diffraction spot of the diffraction pattern is the first step in data 

processing. Here the relationship of the reciprocal lattice and intensity 

distribution of the crystal’s diffraction pattern are related back to the underlying 

unit cell parameters and crystal lattice symmetry. The next step involves 

integration of intensities where partial diffraction spots are combined and 

integrated using several successive images. All corresponding diffraction 

intensities are merged and scaled. In order to calculate back the electron density 

surrounding each atom in the crystal the so called structure factors are needed. 

Structure factors represent amplitudes and phase of X-rays in each reflection. 

By measuring the intensities of the reflections the amplitudes are obtained by 

taking the square root of the intensities; however the corresponding phase 

information cannot be measured directly. This is called the phase problem in 

crystallography.  

How can phases be obtained? There exist different methods that help to 

overcome the phase problem in crystallography. The most commonly used 

method is called molecular replacement (MR) where the structure from an 

already known protein is used to recover the phases. Other methods are: 

Multiple Isomorphous Replacement (MIR), Multiple wavelength Anomalous 

Dispersion (MAD), and Single wavelength Anomalous Dispersion (SAD). The 

last named three methods provide experimentally derived phases where no bias 

from a previous protein model is affecting the new calculated phases. MIR 

requires specific binding of heavy metal atoms to the protein in the unit cell of 
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the crystal. Phases can be calculated from the comparison of at least three data 

sets. The first is a data set from the native protein and the two additional data 

sets originate from soaks with different heavy metal compounds bound to the 

protein at different sites. For MAD and SAD methods special atoms have to be 

introduced into the protein molecule (such as Se in Seleno-Methionine, Se-Met) 

or use of different “native” functional ions already part of the protein. In the 

case of MAD and even SAD it is most common to incorporate Se-Met into the 

protein during protein expression. The idea is to exchange sulphur atoms in 

methionines to selenium during the expression of the recombinant protein of 

interest by making the expression host organism build in Se-Met instead of the 

original methionine. Selenium is a heavier atom in comparison to other atoms 

in a protein and contributes with a strong anomalous signal for solving the 

phase problem. Up to four data sets at different wavelength may be collected for 

a MAD experiment. For SAD it is enough with only one dataset but then care 

must be taken to collect a very high quality, highly redundant (20x or more) 

data set. Recently, even native sulphur atoms have been shown to be sufficient 

for resolving phases due to latest improvements in detector technology, 

synchrotron beam intensity which leads to a reduction of the signal-to-noise 

ratio, and from multi-crystal averaging as well as software efficiency.  

The four data sets in a MAD experiment that can be collected are called Peak, 

Inflection (Infl), High Energy Remote (Rem1), and Low Energy Remote 

(Rem2). In case a protein crystal decays rapidly during data collection in a beam 

it is wise to collect Peak and Infl data sets first. Peak data contains the strongest 

anomalous signal and Infl data contains the dispersive differences between 

wavelengths as well as a half of the anomalous signal. The dispersive differences 

are a slight variation of individual reflection intensities caused by change of a 

wavelength. The data collection strategy may further be continued with 

remaining two wavelengths, Rem1 or/and Rem2. Collection the Rem2 data may 

destroy a crystal which has accumulated significant radiation damage in the 

beam. Rem1 is the data set which is most often collected after the Infl. It carries 

dispersive differences against the Infl data as well as internal anomalous signal.   

When the amplitudes of X-rays for each reflection are calculated and the phase 

for each reflection is determined (the phase problem is solved) then one can use 

a Fourier transform to calculate the electron density distribution for an 

asymmetric unit. After that an atomic model representing the molecule can be 

built into the electron density map. This model has to be thoroughly refined and 

the resulting structure critically evaluated before the final protein structure is 

accepted for deposition in the protein data bank and the structure can be 

submitted for publication in a scientific journal.     
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Results and Discussions 

Three-dimensional structure of the Photosystem II assembly 

factor HCF136 from Arabidopsis thaliana (Paper I). 

To understand biogenesis of the PSII complex, the molecular mechanisms 

behind this process need to be clarified. In a search for such PSII 

assembly/chaperone proteins a screen for High Chlorophyll Fluorescence (HCF) 

photosynthetic mutants in A. thaliana was performed. One of the identified 

proteins was the nuclear encoded thylakoid lumen protein called HCF136, 

which is present in all oxygenic photosynthetic organisms (Meurer, Plücken et 

al. 1998, Plöchinger, Schwenkert et al. 2016). The full length HCF136 protein 

harbors 403 amino acids, of which the first 78 amino acids act as multiple 

signal/target peptides which are removed before entering the thylakoid lumen 

(Meurer, Plücken et al. 1998, Kieselbach and Schröder 2003). HCF136 is 

entering the thylakoid lumen via the Tat pathway (Hynds, Plücken et al. 2000) 

presumably in its fully folded structural state. The mature/lumenal HCF136 

protein, residues D79-G403, has been found only in non-stacked stroma 

thylakoids, the location where PSII repair cycle takes place (Meurer, Plücken et 

al. 1998). A significant reduction of photosystem I complex as well as a PSII-less 

phenotype was observed in A. thaliana hcf136 knock out plants (Plücken, 

Müller et al. 2002). Further, the HCF136 protein has been proven to have an 

essential role for assembly of the PSII reaction center and its cyanobacterial 

homolog, the YCF48 protein, has been shown to assist in the assembly and 

repair of the PSII reaction center in the cyanobacterium Synechocystis sp. PCC 

6803 (Plücken, Müller et al. 2002, Komenda, Nickelsen et al. 2008). The role of 

YCF48 in the PSII assembly and repair has been confirmed through its 

interaction with the C-terminal region of the reaction center protein D1 

(Komenda, Nickelsen et al. 2008).  

In this study, the crystal structure of HCF136 from A. thaliana was determined 

to 1.6 Å resolution using MAD phasing. The HCF136 protein crystallized using 

the hanging-drop vapor-diffusion method at 18˚C, at a concentration of 

approximately 13 mg/ml, and in a crystallization solution containing 15% PEG 

4000 and 0.1 M MES pH 5.5 on a cover slip. Protein and precipitant solution 

had 1:1 ratio (2µl+2µl). Hexagonal looking crystals in size about 1 x 1 x 0.05 

mm3 appeared in a few days (Figure 4). 
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Figure 4. A crystal of HCF136 

 protein that diffracted to 1.6 Å 

 resolution. 

 

 

The structure of HCF136 has a seven bladed propeller fold. A study showed 

that the seven bladed propeller fold is the most favored in all known 

propeller structures (Murzin 1992) and HCF136 is not an exception (Figure 

6). Each of the seven blades is composed of four anti-parallel strands. The 

first N-terminal strand forms a so called “Velcro” closure with the 3rd 

strand of the 7th blade. HCF136 contains so called Bacterial Neuraminidase 

Repeats (BNR) or Asp-boxes. The BNR sequence motifs are localized to β 

hairpins and have been found among a variety of non-homologous proteins 

(Copley, Russell et al. 2001). The BNR repeats stabilize the HCF136 structure by 

bending the β hairpin loops away from the surface of almost each propeller 

blade.    

When the amino acid sequences of the seven HCF136 blades were aligned , the 

MSA revealed only 9-26% sequence identity (Figure 5) using Clustel Omega 

web-based server (Sievers, Wilm et al. 2011). The difference in the amino acid 

composition and the similarity of the secondary structure of the blades 

emphasize the importance of the HCF136 fold itself. However, MSA of similar 

seven-bladed propellers from different organisms, which contain a related loop 

region between blades 3 and 4, showed that the loop is highly conserved (Figure 

6). Somewhat weaker electron density was observed for the region between 

blade 3 and 4 indicating flexibility. The observed high degree of sequence 

conservation of this loop indicates its importance during evolution and its 

flexibility appears to be a conserved function property of HCF136 proteins. One 

of the highly conserved amino acids of the loop is Arg233 anchors the tip of the 

loop between blades 3 and 4. Mutagenesis of Arg233 resulted in dramatically 
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precipitated protein (more than 80%) during purification, indicating the 

importance of the “Arg-anchor”.     

 

 

 

 

Figure 5. The sequence alignment of the seven HCF136 blades (Clustel Omega). 

 

 

Figure 6. The structure of the HCF136 protein is presented as ribbon diagram with its flexible, 

conserved loop between blades 3 and 4 with the highly conserved amino acids of the loop 

represented as balls and sticks. Each blade is marked with a number. The so called “velcro” closure 

is formed between the first N-terminal β strand and the 3rd β strand of the last, C-terminal repeat. 

 

 

Blades/A.A.  
numbers 
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The solved structure of the HCF136 protein and its sequence were used to 

obtain a homologue match in the Protein Data Bank (Berman, Westbrook et al. 

2000) and in the DALI server (Holm and Rosenstrom 2010). The highest 

scoring match in both searches was the cyanobacterial homologue YCF48 (PDB 

code 2xbg, (Michoux, Takasaka et al. 2011) unpublished). HCF136 and YCF48, 

share 43% sequence identity (NCBI/BLAST) and structurally superimpose with 

an RMSD of 1.8 Å (Figure 7 and 8). The two proteins have a similar succession 

of secondary structural elements. However, the N-and C-termini of YCF48 are 

extended by a couple of amino acids compared to the HCF136 protein, which in 

turn has a conserved loop of 19 amino acids inserted between blades 3 and 4. 

Interestingly, the loop region can be found in all HCF136-like proteins of higher 

plants but not in cyanobacteria hinting at a specific, conserved function in 

higher organisms.   

               

Figure 7. Ribbon diagram of the superimposition of HCF136 (in green) and YCF48 (depicted in 

blue), with a zoom onto the conserved, flexible loop region of HCF136, which YCF48 lacks.  
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Figure 8. Pair-wise amino acid sequence alignment of HCF136 from A. thaliana and YCF48 from 

T. elongatus. The signal sequences of both proteins were omitted from the alignment. The 

secondary structure motifs of the HCF136 structure are shown with arrows and curls above the 

alignment. 

Another noteworthy fact of the HCF136 protein is that it has been shown to 

associate with the stromal thylakoid membrane from its lumenal side. The 

membrane association has been suggested to take place either via a direct 

membrane interaction or/and through binding to the reaction center of the PSII 

complex (Meurer, Plücken et al. 1998, Plücken, Müller et al. 2002). HCF136 

harbors 18 hydrophobic amino acids at the N-terminus which are proposed as a 

region for direct attachment to the membrane (Meurer, Plücken et al. 1998). 

However, our HCF136 structure reveals that the hydrophobic N-terminal patch 

is mainly located within the hydrophobic core of blade 1, stabilizing therefore 

blade 2 and 7, thus leaving only a few hydrophobic residues on the loop of blade 

1 for a possible membrane attachment. In addition, these residues are 

surrounded by some hydrophilic amino acids not allowing any clear 

hydrophobic patch to build up. Therefore, the only possibility that the N-

terminal 18 amino acids would make a membrane contact is by opening the 

“velcro” closure for the interaction, which would destabilize the β-propeller fold.  

A more probable way of interaction would be direct binding of HCF136 to one or 

more proteins of the PSII reaction center complex. Gel blot analyses together 

with affinity chromatography have confirmed HCF136 association with at least 

D2 and cytβ559 (Plücken, Müller et al. 2002). However, Komenda and 

coworkers have shown that YCF48 protein is specifically interacting with the C-

terminal region of the lumenal pD1 but not with mature D1 or D2 proteins in 

cyanobacteria using yeast two-hybrid split ubiquitin approach (Komenda, 

Nickelsen et al. 2008). Based on the results above, we have generated two 

different constructs of the 18 amino acid C-terminal pD1 peptide. One is fused 

to the C-terminus of the green fluorescence protein (GFP) and the other is a 
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synthetized version of the 18 amino acid peptide. The interaction between pD1 

constructs and HCF136 protein from A. thaliana were tested in vitro using pull-

down experiments, Isothermal Titration Calorimetry (ITC), Surface Plasmon 

Resonance (SPR, BiACORE), NMR spectroscopy and co-crystallization set-ups. 

However, none of the methods used resulted in an interaction of the C-terminal 

D1 peptides with HCF136, which is in line with the results of Plücken and 

coworkers who showed that HCF136 interacts only with D2 pre-complex. These 

results imply a difference of macromolecular functional mechanism between the 

HCF136 in higher plants contra YCF48 in cyanobacteria. 

In summary I have determined the crystal structure of the A. thaliana HCF136 

protein, from crystals diffracting to 1.6 Å resolution. The structure of HCF136 

harbors a unique, highly conserved and most probably flexible loop with an “Arg 

anchor”, compare to the homolog YCF48 protein from Synechocystis sp. PCC 

6803. However, stable interaction between HCF136 and pD1 could not be 

confirmed using several sensitive measuring techniques such as SPR and ITC, 

suggesting a different functional molecular mechanism of HCF136 in higher 

plants than YCF48 in cyanobacteria. That is also supported by the fact that 

HCF136 is actually an essential assembly factor of the PSII complex in A. 

thaliana (Plücken, Müller et al. 2002), while YCF48 from Synechococcus sp. 

PCC 7002 is not essential for the photoautotrophic growth of the organism 

(Shen, Zhao et al. 2002, Komenda, Nickelsen et al. 2008).  
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Crystal structure of the Photosystem II assembly factor LPA19 

from Arabidopsis thaliana at 1.2 Å resolution (Paper II and 

III) 

Low PSII accumulation 19 (LPA19) is an important protein in the de novo 

assembly of the PSII complex in A.thaliana (Wei, Guo et al. 2010). The full 

length LPA19 protein consists of 199 amino acids of which the first 64 are part 

of the signal/target peptide (Zybailov, Rutschow et al. 2008, Wei, Guo et al. 

2010). Mature LPA19, A65-L199, is found strictly inside thylakoid lumen and 

suggested to be associated with the thylakoid membrane (Wei, Guo et al. 2010). 

Mutated plants, that lack functional LPA19, had a strong reduction in the 

processing of the lumenal part of D1, and, as a result, a decrease of the 

functional PS II complex. In addition, LPA19 interacts with the mature and the 

precursor D1 protein in vivo, while no interaction has been confirmed with the 

cleaved C-terminal region of the D1 protein alone (Wei, Guo et al. 2010). 

Therefore, LPA19 has been proposed to assist in the processing of the last 9 C-

terminal amino acids of the precursor D1 protein by the D1 C-terminal 

processing protease (CtpA) (Liao, Qian et al. 2000, Wei, Guo et al. 2010).  

Psb27 is a homolog of LPA19 and has been shown in A. thaliana to be involved 

in the efficient recovery process of the PSII after photoinhibition (Chen, Zhang 

et al. 2006) and later proven to be required during the adaptation to changing 

light intensities. Although not an essential contributor during normal growth 

and PSII complex formation under the constant light conditions, the plants are 

heavily relying on Psb27 function in acclimation to the changing light 

environment (Chen, Zhang et al. 2006, Hou, Fu et al. 2015). In cyanobacteria 

the Psb27 protein interacts with the lumenal regions of the CP43, CP47, the C-

terminal part of the D1 and D2 proteins (Roose and Pakrasi 2004, Cormann, 

Moller et al. 2016). In addition, cyanobacterial Psb27 has been proven to be 

actively involved in blocking the premature formation of the PSII complex by 

hindering the attachment of the extrinsic proteins PsbO, PsbU, and PsbV and 

therefore assisting in the proper formation of the Mn4Ca cluster (Roose and 

Pakrasi 2004, Roose and Pakrasi 2008). There is a distinct amino acid sequence 

difference between Psb27 proteins in cyanobacteria and in higher plants. In 

higher plants Ps27 does not possess an N-terminal lipoprotein region in the 

beginning of the sequence while cyanobacterial Psb27 does. How that would 

influence mechanistically functional difference between two Psb27 proteins 

from different organisms needs to be investigated further. Currently, there are 

three structures available of Psb27 protein from cyanobacteria and none from a 

higher organism. Two of them were determined by NMR spectroscopy and one 

by X-ray crystallography (Cormann, Bangert et al. 2009, Mabbitt, Rautureau et 

al. 2009, Michoux, Takasaka et al. 2012).  
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In this study I have solved the crystal structure of the LPA19 protein to 1.2 Å 

resolution. The crystals were obtained in 1:1 protein to precipitant ratio 

(2µl+1µl) using the hanging-drop vapor-diffusion method at 18˚C at a high 

initial protein concentration of 160 mg/ml. The precipitant solution contained 

0,01 M Zinc sulfate heptahydrate, 0.1 M MES monohydrate pH 6.5, 25 % 

Polyethylene glycol monomethyl ether 550. 

An amino acid sequence search (BLAST at NCBI (Mount, 2007)) showed that 

the LPA19 protein is most similar to the Psb27 protein from A. thaliana with 

27% sequence identity. Sequence searches against the PDB identified the Psb27 

protein from Synechocystis sp. PCC 6803 (PDB-ID: 2KMF (Mabbitt et al., 

2009) and 2KND (Cormann et al., 2009)) as the closest matches with 27% 

sequence identity. The Psb27 structure from T. elongatus (PDB-ID: 2Y6X 

(Michoux et al., 2012)) resulted in a low sequence identity of 19% (Figure 9).  

 

Figure 9. Multiple Protein sequence alignment of LPA19 and Psb27 from A. thaliana and 

cyanobacterial Psb27 proteins with known 3D structures (2Y6X, 2KND, 2KMF). Signal sequences 

were omitted from the alignment. The secondary structure motifs of the LPA19 protein are shown 

with arrows and curls above the alignment. 

Attempts to use the existing Psb27 structures to solve the phase problem by 

molecular replacement method did not succeed. Therefore, the phase 

information for LPA19 was derived experimentally by crystallizing SeMet 

labelled protein using the same crystallization conditions and collecting 

anomalous diffraction data to 2 Å resolution. The resulting model was then used 

in molecular replacement to phase the native LPA19 data set to 1.2 Å resolution. 

The structure of LPA19 consists of a short two stranded β-sheet close to the N-

terminus followed by an up-down four helix bundle core domain (Figure 10A). 

The first 17 amino acids of the LPA19 construct (residues GAM-A65 to L199) are 

not visible in the electron density map,  indicating a very flexible or disordered 

N-terminus. Interestingly, the N-terminal stretch of amino acids is conserved 

among all LPA19 proteins, indicating a functional importance of this region. 

Other conserved amino acids, identified from a MSA, have been mapped onto 

the structure using the ConSurf web server (Figure 10B)(Glaser, Pupko et al. 

2003, Landau, Mayrose et al. 2005). 
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Figure 10. . (A) Ribbon representation of the crystal structure of LPA19. (B) Conserved amino acids 

of the LPA19 protein in different organisms based on the MSA. Coloring code of the amino acids: 

red conserved, white average and cyan variable.     

Comparison of LPA19 to the Psb27 structures 

The web-based structure comparison server, DALI (Holm and Laakso 2016), 

has been used for finding the closest structural homologs of LPA19. The best 

match was the crystal structure of the Psb27 protein from the T. elongatus BP1 

strain (PDB code 2Y6X) with an RMSD value of 2.1 Å. Two NMR structures of 

the Psb27 protein, PDB code 2KMF and 2KND from Cynochocystis 6803, were 

less similar with RMSD values of 2.7 and 3.7 Å (Table 2 and Figure 11). 

Table2. Average distance measurements (RMSD) between the 3D structure of LPA19 

and the structures of Psb27 proteins. 

Organism PDB code RMSD (Å) 

T.elongatus BP1 strain 2Y6X 2.1 

Cynochocystis PCC 6803 2KMF 2.7 

Cynochocystis PCC 6803 2KND 3.7 

A 
B 

180˚ 180˚ 
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Figure 11. Structure comparison of LPA19 and Psb27 proteins. (A) Superimposition of LPA19 with Psb27 

structures from cyanobacteria represented as C-alpha traces. LPA19 is depicted in red, 2KMF in magenta, 

2KND in green, and 2Y6X in pink.(B) Superimposition of the LPA19 structure with available Psb27 structures 

from cyanobacteria represented as ribbons showing the alpha helices.   

Similar to Psb27 from cyanobacteria, LPA19 has a conserved hydrophobic N-

terminal cluster of amino acids and a conserved P-Ф-P motif (P179-L180-P181) 

(Figure 12). The amino acid which is represented by a “Ф” letter is variable in 

the motif and can represent either I, L, or V amino acids. The P-Ф-P motif has 

been identified as a potential site for protein interactions in Psb27 from 

cyanobacteria (Mabbitt, Rautureau et al. 2009).  

A structural element within LPA19, which is not found in the Psb27 homologs, is 

the β-sheet, which is composed of two short anti-parallel β-strands supported 

by three hydrogen bonds (Figure 10A).  This β-sheet is likely to be of functional 

relevance and is very unlikely that it would be stabilized by crystal packing 

interactions. There is a possibility that the N-terminus folds into a β-sheet 

conformation upon interaction with its yet unknown binding partners.  

Interestingly in crystallographic symmetry packing interactions we have 

observed a tight packing of the residues L85 and F86 into the hydrophobic cleft 

between -helices α2 and α3 (Figure 12A,C) exposing the cleft as a potential 

binding site. However, a study by Rathner and colleagues on a 4-helix bundle 

thylakoid lumen protein termed PsbQ, carrying a flexible N-terminal region, has 

given no evidence of β-sheet formation at the N-terminus in solution (Rathner, 

Rathner et al. 2015) whereas the crystal structure of PsbQ, has β-strands at the 

N-terminus (Balsera, Arellano et al. 2005). The disorder prediction server OnD-

2Y6X       2KMF               2KND 

RMSD       RMSD                  RMSD 
2.1 Å       2.7 Å                  3.7 Å 

90˚ 

A B 
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CRF (Wang and Sauer 2008) predicts the N-terminal region of LPA19 to be 

disordered and thus further indicates that the β-sheet formation in the crystal 

structure may be just one of the allowed conformations of the LPA19 protein 

and not its functional fold.  

 

  

Figure 12. (A) Ribbon representation of the LPA19 structure depicting L85 and F86 as sticks 

binding in the hydrophobic cleft of its crystallographic symmetry molecule represented as grey 

surface. (B) The backbone of LPA19 crystal structure elucidating a conserved cluster of aromatic 

amino acids at the N-terminal region and a conserved P-Ф-P loop common among LPA19 and 

Psb27 proteins (Trp in yellow and Tyr in green; P--P as sticks). (C) Crystallographic symmetry 

of two LPA19 structures showed as grey and cyan surface.  

 

 

 

 

A B 
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Apart from the β-sheet formation, the crystal structure of the LPA19 protein 

significantly differs from Psb27 in the charge distribution on the surfaces of 

helix α3 and α4 (Figure 13). Interestingly, the same surface has been suggested 

as a potential binding site in Psb27 from cyanobacteria (Cormann et al., 2009, 

Michoux et al., 2012) 

 

 

 
 

 
 

      

 

 

 

 

 

 

 

A 

B 

180˚ 180˚ 180˚ 

Figure 13. Surface charges comparison between LPA19 and Psb27 structures showing helices α2 

and α3 (A) and helices α3-α4 (B). Surface charges coloring code is blue for positive, red for 

negative, and white for neutral charges.  
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In summary the land plants, green algae and cyanobacteria contain Psb27, while 

only the higher plants and some green algae have the LPA19 protein present 

(Peltier, Emanuelsson et al. 2002, Rajalahti, Huang et al. 2007, Mabbitt, 

Wilbanks et al. 2014). It has been suggested that LPA19 is responsible for the de 

novo biogenesis while Psb27 functions during the repair of the PS II complex 

complementing each other (Wei, Guo et al. 2010, Theis and Schroda 2016). 

Here, the first structure of LPA19 is presented, solved by X-ray crystallography 

and refined at 1.2 Å resolution. In addition, the structure of LPA19 is compared 

to other known Psb27 structures. Based on the structural analysis I speculate 

that LPA19 and Psb27 proteins bind to the approximately same region of PSII 

complex. Most probable this is to the same region as the binding site for the 

PsbV protein in the mature PSII complex, as was suggested by Cormann and co 

–workers (Cormann, Moller et al. 2016). However, the detailed molecular 

mechanism of the LPA19 protein is still unknown and further studies need to be 

carried out in order to address its function.  
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Nuclear Magnetic Resonance (NMR) structure of the MPH2 

protein - a required assembly factor of the PSII complex repair 

cycle from Arabidopsis thaliana (Paper IV) 

Another protein, which has been shown to play an important role in the 

biogenesis of the PSII complex, is the Maintenance of Photosystem II under 

High light 2 (MPH2) protein, which functions during the repair cycle of the PSII 

(Liu and Last 2017). The MPH2 protein (encoded by the At4g02530 gene) was 

called P16/TL16 when first discovered and characterized (Mant, Kieselbach et 

al. 1999) or TL16 (UniProt O22773). Mant and colleagues have experimentally 

shown, that the first 73 amino acids are part of extended signal peptides and 

that the mature MPH2 protein consisting of amino acids A74-L216. MPH2 is 

entering the thylakoid lumen through the TAT pathway (Mant, Kieselbach et al. 

1999), which suggests that the protein is in a folded state (Hynds, Robinson et 

al. 1998, Marques, Schattat et al. 2004, Berks 2015). Liu and Last (2017) have 

shown that MPH2 is located mainly in the non-stacked stroma thylakoids where 

the repair cycle of the PSII takes place. The same study has shown that A. 

thaliana plants deficient in the mph2 gene  have a significantly reduced growth 

rate under photoinhibitory and fluctuating light conditions. They over 

accumulate monomeric PSII complexes and are almost depleted of the free 

CP43 protein. In addition, MPH2 appears to co-purify with PSII monomers and 

co-precipitated with the PSII core containing D1, D2, CP43 and CP47. Therefore 

it was suggested that the MHP2 protein is required for partial disassociation of 

PSII monomers during the PSII repair cycle (Liu and Last 2017). 

In this study we have determined the structure of MPH2 in solution by NMR, in 

collaboration with the Swedish NMR Centre in Gothenburg. Initial trials to 

crystallize MPH2 were not successful due to high solubility and, as it turned out 

from the NMR structure, high N-term flexibility. The MPH2 fold contains a 

stable core formed by a four-helix bundle, with a interrupted helix α2, 

proceeded by an N-terminal helix connected to the body of the protein with 

what appears to be a flexible hinge that allows it to rotate freely (Figure 14A). 

The flexible N-terminal helix consists mainly of hydrophilic amino acids that 

stick out into the thylakoid lumen environment. However, the first three N-

terminal amino acids are hydrophobic and lack a defined secondary structure 

(Figure 14B). 
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Figure 14. Ribbon representation of (A) 20 superimposed MPH2 structures depicted in a rainbow 

color highlighting the flexibility of the N-terminal helix and (B) a single MPH2 structure. In sticks 

are shown three N-terminal hydrophobic amino acids A74, I75 and L76.  

The MPH2 protein is conserved among oxygenic photosynthetic eukaryotes (Liu 

and Last 2017). However, a DALI search (Holm and Laakso 2016) identified a 

structural relationship to the PsbQ protein from the cyanobacterium 

Synechocystis sp. PCC 6803 (PDB code 3LS1) with an RMSD value of 2.6 Å. 

Interestingly, the A. thaliana protein sequence of MPH2 and the best DALI 

match PsbQ are quite different from each other with below 18% sequence 

identity and therefore the relationship of these two proteins could not be found 

during the BLAST search. Superimposition of one of the structures of MPH2 to 

the spinach PSII bound PsbQ (PDB code: 3JCU_q) results in 3.1 Å RMSD value. 

Both structures have a flexible N-terminal region and share the same 

interrupted α2 helix motif in their core domain. 

In the spinach PSII super-complex (PDB code: 3JCU), PsbQ was found to bind 

to the antenna protein CP43 and interact N-terminally with an extrinsic protein 

PsbP (Wei, Su et al. 2016). Interestingly PsbQ is using the interrupted helix 

motif to bind to the CP43 integral PSII protein. The function of PsbQ in the 

biogenesis of PSII is still unclear. PsbQ removal during in vitro and in vivo 

experiments has minor or no effect on the efficiency of PSII activity, as reviewed 

by (Roose, Frankel et al. 2016). It has been suggested that PsbQ assists in 

functional role of PsbP as well as in stabilization of PsbP to the PSII complex 
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(Kakiuchi, Uno et al. 2012, Wei, Su et al. 2016). In addition, it may be required 

for optimal PSII-LHCII super-complex development (Allahverdiyeva, Suorsa et 

al. 2013). Bondarava and colleagues have hypothesized that PsbP could be a 

potential carrier of manganese ions to the oxygen evolving center (Bondarava, 

Beyer et al. 2005, Bondarava, Un et al. 2007). Proving this theory, two 

manganese ions were found in the crystal structure of PsbP stabilizing the 

flexible regions of the protein (Cao, Xie et al. 2015). In order to investigate if pH 

and Manganese affect the thermal stability of the MPH2 protein, we used 

Nanotemper Prometheus NT.48 instrument and Circular Dichroism (CD) 

methods (Figure 15). The concentrations of MPH2 and MnCl2 in the NT.48 and 

CD experiments were approximately in 1:3 molar ratio in favor of MnCl2. The 

protein was stabilized in 20 mM of the Phosphate buffer (Na2HPO4) together 

with 50mM NaCl.   

 

 

 

Figure 15. The effect of pH and manganese ions upon MPH2 structural fold detected by CD and 

Nanotemper Prometheus NT.48.  

 

 

 

 

NT.48 Samples Tm (˚C) 

MPH2 pH7 54 

MPH2 pH7+Mn 47 

MPH2 pH5.8 50 

MPH2 pH5.8+Mn 46 
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Our NT.48 results suggests that MPH2 is slightly less stable at pH 5.8/6 in 

comparison to pH7 and addition of the MnCl2 destabilizes MPH2 at both pH 

values. The two methods do not fully agree with each other. NT.48 showed that 

manganese destabilizes MPH2 at the pH 5.8 while CD showed a minor increase 

in the stability of the MPH2 protein at the pH6. These results need to be further 

investigated and adressed in follow up studies. 

In summary we have determined the structure of MPH2 in solution by NMR in 

collaboration with the Swedish NMR Centre. The structure of MPH2 is similar 

to the PSII associated extrinsic PsbQ protein. Both MPH2 and PsbQ have been 

found to bind to the integral PSII incorporated CP43 subunit in the lumen (Wei, 

Su et al. 2016, Liu and Last 2017). The structural analysis of the MPH2 and 

PsbQ proteins suggest that MPH2 may bind to the CP43 subunit using a similar 

distorted helix motif as PsbQ. Since MPH2 has been suggested to be important 

in disassembly of the PSII monomer during the repair of the PSII (Liu and Last 

2017) it is possible that MPH2 has its particular role in displacement of CP43 

before the D1 replacement. The integration of the newly synthetized pD1 takes 

place only after the removal of the CP43 and the damaged D1, as reviewed by 

(Theis and Schroda 2016).  
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Active-site plasticity revealed in the asymmetric dimer of 

AnPrx6 the 1-Cys peroxiredoxin and molecular chaperone 

from Anabaena sp. PCC 7210 (Paper V) 

Peroxirodoxins (Prxs) are known to function as essential antioxidants in all 

known living organisms (Wood, Schroder et al. 2003, Knoops, Loumaye et al. 

2007). In general Prxs are found to be important in many metabolic pathways 

and connected to a variety of different functions such as intracellular 

maintenance of reactive oxygen species (ROS) and peroxides (Seaver and Imlay 

2001, Cosgrove, Coutts et al. 2007, Lien, Feinstein et al. 2012), cell signalling 

(Neumann, Cao et al. 2009), inflammation , cancer and innate immunity (Ishii, 

Warabi et al. 2012, Nystrom, Yang et al. 2012, Shichita, Hasegawa et al. 2012), 

apoptosis (Hampton and O'Connor 2016), virulence , and colonization in 

aerobic and anaerobic bacteria (Heym, Stavropoulos et al. 1997, Reynolds, 

Meyer et al. 2002). The Prxs can be simply classified in a group with one or two 

active site cysteine residues, 1-Cys and 2-Cys Prxs. All 2-Cys Prxs contain the 

peroxidatic cysteine and the resolving cysteine residue, whereas 1-Cys Prxs have 

only the peroxidatic cysteine. There is more knowledge of 2-Cys Prxs catalytic 

cycles than it is about to 1-Cys Prxs. However, the initial oxidation mechanism 

of the peroxidatic cysteine to sulfenic acid triggered by the peroxide substrate is 

the same among 1-Cys and 2-Cys Prxs. The major difference between 1-Cys and 

2-Cys Prxs occurs when the sulfenic acid reverts back to the thiol (Wood, 

Schroder et al. 2003). AnPrx6 is a 1-Cys Prx and belongs to the Prx6 subfamily 

which contains both the 1-Cys and 2-Cys Prxs that have been reported to 

assemble into antiparallel and obligate (α2) homo-dimers and can further 

oligomerize into ring shaped pentamers of dimers (α2)5 thereby losing the 

peroxidase activity and gaining the molecular chaperone function (Wood, Poole 

et al. 2002, Jang, Lee et al. 2004, Chuang, Wu et al. 2006, Lim, Choi et al. 

2008, Hall, Nelson et al. 2011, Saccoccia, Di Micco et al. 2012).  

In this study the cyanobacterial AnPrx6 crystal structure is presented at 2.3 Å 

resolution. The structure is in the triple oxidized form where the peroxidatic 

cysteine residue is in the sulfonic acid state (-SO3H). Interestingly, our study 

shows that AnPrx6 maintains its peroxidase activity (Figure 17) and in addition 

functions as a molecular chaperone in its dimeric state without further 

oligomerization. The unique chaperone activity of AnPrx6 in its dimeric state 

was confirmed by size-exclusion chromatography (Figure 16) and SAXS 

measurements. The crystal structure of AnPrx6 reveals an asymmetric homo-

dimer with a dynamic active site confirmed by molecular dynamic simulations 

and ensemble refinement (Adams, Afonine et al. 2010). We speculate that 

AnPrx6 is a unique and ancient member of the Prx family that has been retained 

in cyanobacteria and might represent an early state of Prxs evolution, capable of 
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both peroxidase and chaperone functions, without the need to change its 

oligomeric state.    

 

        

Figure 17. The AnPrx6 peroxidase activity 

was measured at increasing concentrations 

of H2O2 in the range from 0 M to 600 M. 

All measurements were carried out in 

triplicates. The average value is marked by a 

dot and the error bars mark the uncertainty 

of the measurements. 

Figure 16. Size exclusion chromatography 

(SEC) of recombinant AnPrx6. (a) SEC 

analysis of AnPrx6 at protein concentrations 

of 0.1 mg ml-1, 1.0 mg ml-1 and 10 mg ml-1 in 

the absence of H2O2 and (b) in the presence 

of 20 mM H2O2. In all cases, AnPrx6 elutes in 

a single peak with a derived average 

molecular weight of about 44,2 kDa without 

H2O2 and 44,7 kDa with 20 mM H2O2. These 

values correspond well with the calculated 

molecular weight for dimeric AnPrx6 (48.4 

kDa). No other peaks were detected. 
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Conclusions and Future work 

In order to gain structural and functional insight into the detailed mechanisms 
of assembly and maintenance of the PSII complex we focus on the soluble 
proteins from the thylakoid lumen of the A.thaliana. Little is known about their 
functions and structures, but without them photosynthesis is impaired or 
impossible.     

In the paper I  we have determined the crystal structure of HCF136 protein a 

seven-bladed -propeller protein, which is one of the essential PSII assembly 
proteins in A. thaliana (Plücken, Müller et al. 2002), and compared it to the 
crystal structure of its cyanobacterial homolog, YCF48 (Michoux, Takasaka et al. 
2011). Structural differences were observed between HCF136 and YCF48 in the 
loop connecting blade 3 and 4. HCF136 has a loop which is 19 amino acids 
longer than in YCF48 and is conserved among HCF136 proteins in higher 
plants, but does not exist in cyanobacteria, indicating its unique functional 
feature in higher plants. In addition, HCF136 is an essential factor for the PSII 
complex assembly, in contrast, YCF48 is not essential in Synechocystis sp. PCC 
6803 (Komenda, Nickelsen et al. 2008) raising the question of a potential 
different functional mechanism. HCF136 has been shown to assist in the correct 
incorporation of the precursor form of the reaction center subunit D1 (pD1) into 
the PSII. Interestingly, HCF136 has been suggested to perform this function 
through binding to another PSII core proteins cytb559 and D2, and no 
interaction to the pD1 subunit was observed (Plücken, Müller et al. 2002). On 
the contrary, YCF48 has been shown to interact with pD1 and in fact stabilize it 
(Komenda, Nickelsen et al. 2008). Furthermore, Komenda and colleagues have 
suggested that the isolated pre-complex of cytb559 and D2 in the previous study 
(Plücken, Müller et al. 2002) could have contained pD1, and HCF136 actually 
was bound to the pD1 and not to the cytb559 and D2. In order to clarify whether 
HCF136 is binding to the pD1 from the lumenal side we have generated two 
different constructs of the 18 amino acid C-terminal pD1 peptide. In one 
construct, these 18 amino acids were fused to the C-terminus of the Green 
Fluorescence Protein (GFP) and overexpressed in E. coli, for another construct 
the 18 amino acids were chemically synthetized. Using sensitive protein-protein 
interaction techniques such as SPR, ITC and NMR we could not confirm any 
binding between the pD1 constructs and the recombinant HCF136. Our initial 
results may indicate different functional mechanisms by which HCF136 and 
YCF48 assist the incorporation of the pD1 in the PSII complex. We speculate 
that the 19 amino acid conserved loop among HCF136 proteins may perform 
that potential functional difference. However, our biochemical results should be 
interpreted with cautious. In future studies the interactions between pD1 and 
YCF48 as well as D2 pre-complex and HCF136 should be analyzed as a positive 
control in order to draw more reliable conclusions of the in vitro experiments. 
When the interaction partner of HCF136 is confirmed and the structure of that 
new complex is solved the detailed mechanism of the HCF136 function can be 
proposed.   
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In the paper II and III we have crystallized and solved the crystal structure of 

LPA19 which is another important PSII assembly protein located in the 

thylakoid lumen (Wei, Guo et al. 2010). LPA19 is functionally related to its 

homolog Psb27 in A. thaliana, which has been shown to participate in the repair 

of the PSII complex (Chen, Zhang et al. 2006). Together, LPA19 and Psb27, 

have been suggested to complement each other in different stages, namely 

LPA19 in assembly and Psb27 in repair of the PSII complex in A. thaliana 

(Theis and Schroda 2016). In contrast, cyanobacteria do not have LPA19 related 

proteins and get along only with the Psb27 homolog (Peltier, Emanuelsson et al. 

2002, Rajalahti, Huang et al. 2007). The interaction of Psb27 and pD1 was 

shown through SPR and the binding site of Psb27 to the PSII complex was 

suggested through a cross-linking experiment (Cormann, Moller et al. 2016). In 

another study, protein overlay assays, coimunoprecipitation and yeast two-

hybrid analysis have clearly shown that LPA19 binds to the integral pD1 of the 

PSII complex (Wei, Guo et al. 2010). The results indicate that both LPA19 and 

Psb27 bind to the same PSII location. Surprisingly our structural comparison of 

these two proteins reveals remarkable surface charge differences in helices α3-

α4, which is the suggested binding region of the Psb27 to the PSII complex 

(Cormann, Moller et al. 2016). Instead a similar surface charge can be found 

between helices α2-α3 and therefore it is possible that this region is instead 

involved in the binding to the PSII complex. To verify this, the complex 

structure of preferably the lumenal region of the pD1 and its binding site to the 

LPA19 as well as Psb27 should be determined.          

In the paper IV we present an NMR solution structure of MPH2, determined in 

collaboration with the Swedish National NMR Centre. MPH2 has an 

extraordinarily flexible N-terminal helix and a four α-helical core domain with 

an interrupted helix α2. MPH2 shares structural similarity with the PsbQ 

protein, which is one of the extrinsic proteins involved in oxygen evolving 

activity (Kakiuchi, Uno et al. 2012, Allahverdiyeva, Suorsa et al. 2013). MPH2 is 

required for disassembly of the PSII monomer during the replacement of the 

damaged D1 subunit (Liu and Last 2017). Both MPH2 and PsbQ bind to the PSII 

integral antenna protein CP43 during different stages of the PSII biogenesis. 

The PsbQ protein binds to the Cp43 at the fully assembled, ready for charge 

separation PSII state and MPH2 binds to the CP43 during the PSII repair cycle 

(Wei, Su et al. 2016, Liu and Last 2017). Therefore, we hypothesize that MPH2 

may be involved during the removal of the CP43 protein from the PSII during 

partial disassociation of the PSII monomer. Our structural analysis of MPH2 

and PsbQ suggest that MPH2 uses its distorted helix motif to bind to the CP43 

protein. This hypothesis should be tested and preferably a complex of CP43 and 

MPH2 has to be structurally determined in order to define a detailed role of the 

MPH2 in the repair cycle of the PSII.      
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In the paper V we present a crystal structure of cyanobacterial peroxiredoxin 

protein (AnPrx6) belonging to the family of 1-Cys Prxs essential for scavenging 

of peroxides and important in regulation of cellular processes (Mishra, 

Chaurasia et al. 2009). We show that AnPrx6 has a unique dimeric state during 

its peroxidase and chaperone activity in comparison to other known Prx6 

subfamily members as well as among other known 1-Cys Prxs. The current 

AnPrx6 structure is obtained in an oxidized state where the active peroxidatic 

cysteine is captured in its triple oxidized sulfonic acid form (-SO3H). Further 

studies have to address the structure of AnPrx6 in its double oxidized cysteine-

sulphinic state (-SO2H) and totally reduced state (-SH) in order to present a 

structural peroxidatic mechanism.   

Overall the results and analyses presented in this thesis are concerned with the 

understanding of the assembly and maintenance of the PSII complex. 

Contributing details of the assembly and repair process of the PSII will lead to 

an improved understanding of the photosynthetic process. In the long run our 

work might help to solve the needs for sustainable energy resources that 

continue to grow with the growth of the population. Some of the required 

sustainable energy resources may be derived from engineered plants that are 

able to provide increased amounts of food, fiber, fuel and biomass. Our findings 

might also be an inspiration for design strategies for the artificial production of 

the sustainable energy.        
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