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Abstract 

Low PSII accumulation 19 (LPA19) from Arabidopsis thaliana is known to be involved in PSII 

biogenesis and interacts with the soluble part of the mature D1 protein in the chloroplast lumen. But 

although it is important to the cell integrity, little has been published on it and there are no crystal 

structures with a high identity to it. Peroxiredoxin (Prx6) from Anabaena sp. PCC 7120, on the other 

hand, is widely known for its dual nature, serving both as a molecular chaperone and a detoxifier of 

peroxides and reactive sulfur species (RSS). It also has many published structures solved in other 

organisms, but none have published all four oxygenic states of its catalytical cysteine thiol. To solve 

these structures and get deeper biochemical insight into their function, LPA19 and Prx6 was cloned, 

purified, and crystallized with the hanging-drop vapor diffusion method. Initial X-ray diffraction data 

collected for LPA19 shows that the crystals belong to the monoclinic P space group, with unit cell 

parameters a = 29.69, b = 50.02, c = 43.10 Å; and diffracted to a maximum d-spacing of 1.4 Å using 

a Burker's MicroStar X-ray. The structure has yet to be determined as it was not possible to solve it 

with either single-wavelength anomalous dispersion (SAD) or molecular-replacement methods. Prx6 

crystals showed similar parameters as those that have been published before, with a P212121 space 

group and unit cell parameters close to a = 80, b = 102, c = 109.6 Å. Diffraction data were collected 

to a maximum d-spacing of 1.9 Å for Prx6 at Lund's MaxII synchrotron, but due to server errors at 

MaxII there was not enough time to evaluate the data. 
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Abbreviations 

 

ADP Adenosine diphosphate PAGE Polyacrylamide gel electrophoresis 

ATP Adenosine triphosphate PCR Polymerase chain reaction 

Bp Base pair PEG Polyethylene glycol 

Cytb6f Cytochrome b6f complex Prx-6 Peroxiredoxin-6 

DTT Dithiothreitol PrxQ Peroxiredoxin Q 

ε0 Molar extinction coefficient PSI Photosystem I 

E. coli Escherichia coli PSII Photosystem II 

EDTA Ethylenediaminetetraacetic acid Psb Photosystem b 

IPTG Isopropyl β-D-1-thiogalactopyranoside ROS Reactive oxidant species 

LB Lysogeny broth RSS Reactive sulfur species 

LHC Light harvesting complex SAD Single-wavelength anomalous dispersion 

LPA19 Low PSII accumulation 19 SDS Sodium dodecyl sulfate 

MAD Multi-wavelength anomalous dispersion SOC Super optimal broth with catabolite 

repression 

MME Monomethyl ether TBE Tris-borate acid-EDTA buffer 

MPD 2-Methyl-2,4-pentanediol TEV Tobacco etch virus 

MW Molecular Weight TSA Thiol-specific antioxidant 

OEC Oxygen-evolving complex UV Ultraviolet 

OD Optical density Å Ångström 
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1.0 Introduction 

Four protein complexes partake in the photosynthetic electron transport that takes place in the 

chloroplast’s thylakoid membranes [1]; namely, photosystem II (PSII) [2,3], cytochrome b6f complex 

(Cytb6f) [4], photosystem I (PSI) [5,6], and adenosine triphosphate (ATP) synthase [7] (figure 1). 

When the lush, leafy foliage of green plants is illuminated by the sun, the light-harvesting complexes 

of the thylakoids' stroma – LhcI and LhcII of PSI and PSII, respectively – absorbs the light and 

focuses it into energy. Absorbed light energy from these contacts is transferred using Förster 

resonances to the reaction centre of chlorophylls, where they create a charge separation along the 

membrane. A separation that allows for the formation of oxidants in the thylakoid lumen strong 

enough to split water into oxygen, protons and electrons with the aid of the PSII oxygen-evolving 

complex (OEC): 2H2O → O2 + 4H+ + 4e- [3,8]. Generated electrons are then step-wise moved through 

the PSII and transported to the plastoquinone pool [9], then moved from the PSII-dense grana regions 

to the stroma lamella and the Cytb6f complex; and eventually, using plastocyanin as an intermediate 

electron carrier, the PSI. Once the electrons are incorporated into the PSI, a second charge separation 

takes place across the thylakoid membrane, allowing for the reduction of ferredoxin. Reduced 

ferredoxin is then able to reduce NADP+ to NADPH: 2 reduced ferredoxin + NADP+ + H+ ↔ 2 

oxidized ferredoxin + NADPH [10,11]. Protons gathered inside the lumen from either the splitting of 

water or release of hydrogens from the plastoquinones are then used by the proton pump, which drives 

the vital energy synthesis of ATP from adenosine diphosphate (ADP) and phosphate (P) [12]. In total, 

this long and elaborate light-induced electron cycle equates to the formation of glucose and oxygen 

through the consumption of carbondioxide and water by the plant: 6 CO2 + 6 H2O + light → C6H12O6 

+ 6 O2. 

 
Figure 1. Schematic image of the thylakoid membrane protein complexes that take part in the electron transport chain 

and the eventual formation of ATP. Important processes and proteins that are involved in Arabidopsis thaliana's PSII are 

specifically highlighted. Psb27 (Psb27-H1) and LPA19 (Psb27-H2) are shown in bold. Question marks symbolizes, to 

date, still unknown thylakoid lumen proteins. For brevity, most proteins are only noted by their single letter suffix without 

the photosystem b (Psb) designation in front of them. D1 and D2 are also commonly known as Psb A and Psb D, 

respectively. 
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  These processes – vital as they are – do not come without cost. The consistent exposure to the sun’s 

light and its subsequent formation of reactive oxidant species (ROS), such as singlet oxygen (1O2) 

and superoxide anions (O2)
-, inside the thylakoid lumen create a major strain on, particularly, the PSII 

D1 subunit [13]. In order to maintain the production of ATP, photodamages of these kinds are critical 

to repair for the survival of the plant. This problem is solved by degrading and then transporting the 

D1 subunit from the grana, where the PSII is predominantly present, to the stroma for subsequent 

overhaul [14]. Such a process would, naturally, require proteins responsible for the repair of the 

photodamaged parts of the PSII and, later, its reassembly; indeed, many such proteins have been 

identified [15-18]. 

  Recently, two Arabidopsis proteins, both which are homologous to the photosystem b 27 (Psb27) 

protein [19], have been identified in the thylakoid lumen that are involved in the repair cycle of PSII 

[20]. Both protein homologs, Psb27-H1 (At1g03600) and Psb27-H2 (At1g05385), are encoded by a 

gene referred to as low PSII accumulation 19 (LPA19). Previous studies have shown that Psb27-H1 

is important in the efficient repair of photodamaged PSII [21]; Psb27-H2, on the other hand, has 

recently been found to interact with the soluble C-terminal regions of mature D1 (amino acids 296–

344) but not its precursor (amino acids 296–353) in the thylakoid lumen, and has also been implicated 

in PSII biogenesis and stabilization [22]. To date, neither Psb27-H1 nor Psb27-H2 from Arabidopsis 

thaliana have successfully been crystallized. 

  Both Psb27-H1 and Psb27-H2 have been identified to be expressed in the chloroplasts lumen, which 

is assumed to potentially house up to 80 proteins [23]. However, since it was only recently discovered 

that the lumen have such a large proteome, not much is yet understood of the biochemical network 

that takes place inside. Hence there is also a possibility that the proteins located in this low pH 

environment might still hold new and interesting structural features that have yet to be uncovered. 

Some effort towards determining these lumen proteins have, however, been made; one lumen protein 

whose dynamics has recently been studied with NMR is the atypical 2-Cys-Prx peroxiredoxin Q 

(PrxQ) [24]. 

  Peroxiredoxin’s (Prx) main role in the plant is to reduce the ROS that are produced in the cell during 

the photosynthetic process [25]: ROOH + 2 R'-SH → R'-S-S-R' + ROH + H2O. Although Prxs differ 

in their phylogeny and catalytic mechanisms – dividing them into six separate groups (1-Cys Prx 

(Prx6), typical 2-Cys Prx (AhpC-Prx1), Tpx, AhpE, Prx5, and BCP-Prx Q) – they all behave in a 

similar fashion [26] (figure 2 b). 

  Initially, the conserved N-terminal cysteine is oxidized by a ROS (figure 2 a). Once oxidation has 

taken place, there are noticeable changes to the protein fold around the active site that facilitate protein 

reactivation. Completion of the catalytic cycle is then done by forming a disulfide bridge with a 

second thiol: If the number of thiols present in the Prx is only 1 – which is the case for 1-Cys-Prx – 

then this thiol comes from another none-Prx molecule; however, in the case of 2-Cys-Prx, these thiols 

come from another Prx monomer, which can together form a decamer ring structure. Atypical 2-Cys-

Prxs only differ from a normal 2-Cys-Prx in such that the catalytical cysteine is frequently 

intramolecular, the resolving cysteine is not in its conserved C-terminus position, and they can be 

functionally monomeric [27]. Recycling of atypical Prxs appears to be predominantly done by using 

thioredoxin as an electron donor [27]. 
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Figure 2. Known peroxiredoxin (Prx) mechanisms, adapted from [26, 28]. (a) Preserved nucleophilic attack by the N-

terminal cystein's (cys) peroxidatic sulphur group (Sp) on a typical reactive oxygen species (ROS), leading to Cys-sulfenic 

acid. B is a generic annotation for a nucleophile.  (b) The three main steps in the Prx catalytical cycle: (1) Peroxidation, 

same as in (a); (2) Resolution, leading to the thiol-thiol reaction and the formation of a disulfide bond; (3) Recycling of 

the Prx by reduction with, for instance, disulfide reductase or thiol-containing reductant. At high peroxide concentrations, 

a second peroxide-mediated oxidation can occur, leading to Cys-sulfinic acid, which inactivates the Prx protein. 

Inactivated Prx enzymes have been shown to be able to be rescued through a sulfiredoxin (Srx) catalyzed, ATP-dependent 

reaction. 
 

  Protecting the cell against ROS and reactive sulfur species (RSS) is not, however, limited to plants 

but all life. A thiol-specific antioxidant (TSA) that exists in both prokaryotes and eukaryotes is the 1-

Cys-Prx Peroxiredoxin-6 (Prx6) (alr4404). Prx6 in Anabaena sp. PCC 7120 is biologically active as 

a dimer, and its structure determined to a d-spacing of 2.5 Å [29]. However, studies of the Prx6 crystal 

indicated that its cysteine thiol group was triple oxidized to Cys-sulfonic, which prevented further 

structural insights into its dynamics and biological function. Purification of Prx6 under reduced 

conditions with, for instance, dithiothreitol (DTT) or β-mercaptoethanol would allow for the 

possibility to acquire all oxidation states by soaking the crystals in various concentrations of hydrogen 

peroxide (H2O2). 

  Free radicals and antioxidants have, however, a dual nature. At low to moderate concentrations, free 

radicals and antioxidants also serve vital roles in our autoimmune defense and have also been shown 

to be important in the maturation of, for instance, spermatozoa [30-33]. This precarious, tentative 

balance within the cells makes understanding the structural and functional roles of how ROS and RSS 

are neutralized in cells important from both a scientific and medical perspective. Future discoveries 

might elucidate on how we can better protect ourselves and perhaps even harness the use of ROS and 

RSS in various fields of research. 
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1.1 Aim of the Master of Science 

Here, Prx6 from Anabaena sp. PCC 7120 was cloned, purified and subsequently crystallized under 

reduced conditions with DTT. For the purpose of identifying all three oxydation states of the single 

cysteine's thiol group of Prx6, crystals of the protein were subsequently exposed for varying amounts 

of time to buffers containing two different H2O2 concentrations (5 mM and 25 mM). Crystals were 

then diffracted with X-ray, and crystal structures of Prx6 were determined to a d-spacing of 1.9 Å 

from the resulting electronic density maps. 

  In addition, LPA19 (Psb27-H2) from Arabidopsis thaliana was cloned for the first time, successfully 

purified and crystallized. X-ray data collection at the Dept. of Chemistry’s home-source resulted in 

diffraction to a d-spacing of 1.4 Å. 

  Initial attempts towards co-crystallization of the mature LPA19 (A65-L199) and a fragment of the 

C-terminal tail of the pD1 protein from Arabidopsis thaliana (5'-AHNFPLDLAAVEAPSTNG-3') 

were also made. 

  These different experiments were carried out in order to elucidate the structures, functions and 

interaction networks of LPA19 in the luminal compartment of the chloroplast, which harbors proteins 

involved in oxygenic photosynthesis. 

2.0 Popular scientific summary including social and ethical aspects 

2.1 Popular scientific summary 

Understanding the complex image of how various proteins interact with each other in cells and how 

they are protected from environmental stresses is important in order to develop new medicines. Other 

areas of interest could be, for instance, to harness green plants as a future energy source. One method 

with which a part of this information can be acquired is X-ray crystallography. In X-ray 

crystallography, crystals formed from tightly packed proteins, much like how water packs to form  

the snowflakes you see falling during the winter, are used find out how the protein’s amino acids are 

ordered in relation to each other at a given time. This order is called a protein fold. These folds allow 

for insight into how proteins function, and if the resolution is high enough (better than 2Å), they can 

also be used for designing new drugs and vaccines. Proteins with unknown folds are of interest as 

their structure might yet hold valuable information on how proteins solve problems, for instance, how 

they repair a degraded protein. This is why protein structure research is a vital part of science. 

  One protein, which has never before been crystallized, and that might have a unique fold is LPA19. 

This protein has previously been reported to be involved in the initial assembly of the photosystem 

II, which is present in plant chloroplasts. Photosystem II is important for many reasons, but it all boils 

down splitting water into oxygen, hydrogen and electrons. An important production, since these 

hydrogen atoms later take part in the production of energy in the form of adenosine triphosphate 

(ATP). And energy is ubiquitously needed in the living cell and for society at large. Whether it is for 

cooking a good meal or fuel our car, we all need energy. If the whole process behind how the plant 

generate energy is known, it might be possible to harness it to produce large quantities of green energy. 

In this thesis, LPA19 has been crystallized for the first time, and initial X-ray diffraction data from 

these crystals are also presented. Also Prx6 involved in protecting the cells from various oxygenic 

species, such as hydrogenperoxide (H2O2), was also crystallized. 

2.2 Social and ethical aspects 

A pervasive problem with producing recombinant proteins is the requirement to only select for 

bacteria that can produce that specific protein. This require the introduction of antibiotic resistance to 

E. coli bacteria, which might spread beyond the confines of the laboratory and into the environment. 

Should this occur, further genetic mutations may take place, which would result in multi-drug 

resistant bacteria. With antibiotic becoming obsolete at almost the same rate as new drugs are coming 

out on the market, this is not a good thing. Luckily, new drugs are being produced that are designed 
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to not kill the bacteria but to simply render them unable to cause infection. Hopefully, this will prevent 

bacteria from developing resistance against these new pharmaceuticals, but that is not a guarantee. 

Naturally, with such a thing in mind, it is required to dispose of the bacteria properly. In this thesis, 

1 % w/w Perform® (Schülke) was added to any live bacteria cultures, after which the solution mixture 

was left to incubate for 24 hours prior to disposal. This is was done because exposure to Perform will, 

over time, kill all live bacteria in the solution. 

  Other ethical issues concerning genetic engineering are that the rise in understanding of the genetic 

code and what proteins actually do can also lead to difficult decisions; such as, should a child with 

the genes for autism be aborted? To quote Confucius: “Study without thought is labour lost; thought 

without study is dangerous”. With CRISPR-Cas9 now available as a genetic scissors, this is an issue 

that cannot be ignored anymore. No matter what the individual choice to the previously posted 

question is, science is slowly taking society towards the point where genetically modified humans 

might become a reality. And who is to say where the genetic information will eventually end up? Will 

corporations be able to access the information in the future and prevent individuals from getting loans 

or insurances simply because they have a higher risk for a heart disease? They might. And if that is 

the case, will not everybody have the desire to be genetically flawless? Will individuality be placed 

on the side in favour of perfection? All is in the realm of possibility. From the viewpoint of a scientist, 

these are exiting times; from the eyes of another, it could look completely different. But one thing is 

clear: the information about what genes and proteins do are in the public domain; anyone can find 

information about which genes give higher risk for a specific disease. The only thing still private is 

the individuals’ genetic map. However, that is unlikely to last long, as companies like Theranos and 

23andMe are now able to use very small amount of sample to analyse the genetic code at low cost. 

This makes it very tempting and easy for companies to start implementing whole genome sequencing 

as a standardized test for employees. Not too far into the future, people might only be able to get a 

job if their genes say they can. 

3.0 Experimental 

3.1 Construction and Expression of Lpa19 (A65-L199) Plasmid 

3.1.1 PCR Amplification Lpa19 (M1-L199) 

cDNA from Arabidopsis thaliana used for the PCR template had been previously isolated and was 

kindly donated by Roland Bergdahl (Umeå University, Umeå, Sweden). Amplification of the gene 

encoding the low PSII accumulation 19 (Lpa19) protein (At1g05385) was done with two 

complementary primers, specific for the lpa19 gene (M1-L199): Forward primer Pf (5'-

GCTTCCATGGGTTTCCTTGTAGCCGTCATG-3') and reverse primer Pr (5'-GCTTGGTACCT 

TACAAAAACTCTTCAGCCTTGTTAAGATCATC-3'). Highlighted in bold are the recognition 

sites for NcoI (forward primer) and Acc65I (reverse primer) that are introduced by the two primers. 

Both primers were ordered from Eurofins Genomics GmbH. 

  PCR was performed over two cycles in a 30 μl reaction mixture (30 ng DNA, 3 μl 10x Pfu buffer 

with 20 mM MgCl2, 166 μM dNTPs, a total of 25 pmol from each primer, and 0.625 U Pfu 

polymerase). Prior to the first cycle, the sample tubes were kept for 2 min at 368K with a lid 

temperature of 383K. Cycle one was then initiated and repeated 7 times; each cycle had a denaturation 

temperature of 368K and was held for 30 sec, primer annealing was done for 30 sec with a temperature 

of 327K, and primer extension was then run for 1.45 min at 345K. Next, in order to identify an optimal 

annealing temperature for the primers and to avoid unspecific binding of the same to other genes in 

the A. thaliana genome, cycle two was run with a temperature gradient and was repeated 30 times; 

each cycle had a denaturation temperature of 368K and was held for 30 sec, primer annealing was 

done for 30 sec with a temperature gradient ranging between 323K to 331K with four temperatures 
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being sampled (325K, 327K, 329K, 331K), and primer extension was then run for 1.45 min at 345K. 

After cycle two ended, the samples were kept at 345K for 10 min and then at 277K for 10 min. 

3.1.2 Isolation of Lpa19 (M1-L199) PCR Product 

All four amplified temperature, Lpa19 (M1-L199) samples were loaded on a 0.6 % agarose gel with 

1:10,000 Gelred and ran at 100 V for 45 min in tris-borate acid-EDTA (TBE) buffer. Amplified 

samples found at roughly 600 base pairs (bp) were excised from the agarose gel under ultraviolet 

(UV)-light. Isolated gel pieces were placed in new eppendorf tubes, weighed and an appropriate 

amount of binding buffer from E.Z.N.A® gel extraction kit was applied. Isolation of the M1-L199 

Lpa19 fragment was then carried out according to E.Z.N.A® gel extraction kit's spin protocol. 

3.1.3 Formation of Lpa19 (M1-L199) Expression Vector 

Gel extracted, blunt end Lpa19 (M1-L199) cDNA was enzymatically cut with Acc65I and NcoI in 

10x FastDigest buffer at 310K for 1 hour. 

  After successful formation of ”sticky end” Lpa19 (M1-L199) cDNA, the freshly cut fragments were 

ligated with T4 DNA ligase in the presence of 10x T4 ligase buffer and PEG4000 into a new vector; 

specifically, pETHis_1a (figure 3 a). Next, the ligation mixture was gently spun down before 

incubated at room temperature for 1 hour. 

  As a negative control, the cut vector lacking the Lpa19 cDNA fragment was used; positive controls 

were the complete, uncut vector and the cut vector with a sticky end control fragment (GFP) that was 

ligated to the vector in similar fashion to the Lpa19 cDNA. 

 
Figure 3. Used cloning vectors for Lpa19 and Prx6: (a) pETHis_1a, (b) pETtrx_1b, (c) pETGST_1a, and (d) pETMPB_1a. 

Kan® represent kanamycin resistance gene, GFP codes for green fluoresence protein, YFP codes for yellow fluoresence 

protein, ColE1, also termed ori, allows for high copy numbers of the plasmid while at the same time preventing the 

plasmid from burdening the host cell through overexpression [34], and f1 origin makes it possible to produce a single-

stranded plasmid when co-infected with a M13 helper phage. All vectors' map information are available online through 

babel; example, http://babel.ucmp.umu.se/cpep/web_content/pdf/vector maps/pETGST_series.pdf. 
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3.1.4 Transformation of Lpa19 (M1-L199) Plasmid into DH5α E. coli strain 

Frozen DH5α E. coli bacteria were thawed on ice and 50 μl was transferred to a new eppendorf tube 

containing 10 μl ice-cooled ligation mixture with a cooled pipett tip (253K). The inoculation mixture 

was quickly and gently mixed and kept on ice for 30 min. Next, sample tubes were heat shocked at 

315K on a heating block for 40 sec, and afterwards directly transferred and kept on ice for 2 min. 

Heat shocked DH5α cells were then mixed with super optimal broth with catabolite repression (SOC) 

medium and gently shaked (300 rpm) for 1 hour at 310K. Cells were then centrifuged for 4.5 min at 

3000 rpm and most of the SOC medium was removed. After resuspending the bacteria pellet in the 

remaining medium, the cells were plated on a pre-warmed agar plate with 50 μg/ml of kanamycin. 

Bacteria colonies were then left to grow overnight at 310K. 

3.1.5 Plasmid growth and isolation of Lpa19 (M1-L199) 

A single DH5α bacteria colony, containing the transformed plasmid, was selected and grown in 15 

mL lysogeny broth (LB) medium with 40 μg/mL kanamycin overnight. Grown bacteria were then 

centrifuged at 3000 rpm for 25 min and the LB medium was decanted. Bacteria cell pellet was then 

digested and plasmids isolated with the QIAprep® spin miniprep kit. 

  To identify possible genetic mutations in the Lpa19 (M1-L199) gene, samples were sent to Eurofins 

Genomics GmbH for DNA sequence analysis. 

3.1.6 PCR Amplification Lpa19 (A65-L199) 

With the previously isolated full length (M1-L199) plasmid of Lpa19 as a template, amplification of 

the gene encoding the mature fragment of the Lpa19 protein (A65-L199) was done using two 

complementary primers, specific for the lpa19 gene fragment (A65-L199): Forward primer Pf 

(5'GCTTCCATGGCGCAGGCGTCTGAGGAAAAG-3') and reverse primer Pr (5'-GCTT 

GGTACCTTACAAAAACTCTTCAGCCTTGTTAAGATCATC-3'). Highlighted in bold are the 

recognition sites for NcoI (forward primer) and Acc65I (reverse primer) that are introduced by the 

two primers. Both primers were ordered from Eurofins Genomics GmbH. 

  PCR was performed over two cycles in a 30 μl reaction mixture (30 ng DNA, 3 μl 10x Pfu buffer 

with 20 mM MgCl2, 166 μM dNTPs, a total of 25 pmol from each primer, and 0.625 U Pfu 

polymerase). Prior to the first cycle, the sample tubes were kept for 2 min at 368K with a lid 

temperature of 383K. Cycle one was then initiated and repeated 7 times; each cycle had a denaturation 

temperature of 368K and was held for 30 sec, primer annealing was done for 30 sec with a temperature 

of 327K, and primer extension was then run for 1.45 min at 345K. Next, cycle two was run and 

repeated 30 times; each cycle had a denaturation temperature of 368K and was held for 30 sec, primer 

annealing was done for 30 sec at 331K, and primer extension was then run for 1.45 min at 345K. 

After cycle two ended, the samples were kept at 345K for 10 min and then at 277K for 10 min. 

  Isolation of blunt end cDNA and formation of A65-L199 plasmids in new vectors – pETTrx_1b, 

pETHis_1a, pETMBP_1a, and pETGST_1a (figure 3) – was carried out similarly to the procedure 

for the full length Lpa19 (M1-L199) segment. 

3.1.7 Transformation of Lpa19 (A65-L199) Plasmid into Rosetta [DE3] E. coli strain 

To account for six (AUA, AGG, AGA, CUA, CCC, GGA) of the eight rare codons (AGG, AGA, 

CGG, CGA, GGA, AUA, CUA, CCC) and thus avoid incorrect protein expression [35], isolated 

plasmids from DH5α, containing the Lpa19 fragment (A65-L199) ligated to the four vectors (figure 

3), were transformed into the Rosetta [DE3] E. coli strain. 

  Frozen Rosetta [DE3] sp. were thawed on ice and then transferred into 20 ng/μl Lpa19 (A65-L199) 

plasmids. Sample mixture was then kept on ice for 30 min, then heat shocked for 40 sec at 315K. 

Cells were then cooled on ice for 2 min before adding SOC medium and incubating the cells while 

shaking (700 rpm) for 1 hour. Cells were then centrifuged for 4.5 min at 3000 rpm and most of the 
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SOC medium was removed. After resuspending the bacteria pellet in the remaining medium, the cells 

were plated on a pre-warmed agar plate with 50 μg/ml of kanamycin. Bacteria colonies were then left 

to grow overnight at 310K. 

3.1.8 Miniscreen of Lpa19 (A65-L199) vectors 

In order to determine which of the four vectors – pETTrx_1b, pETHis_1a, pETMBP_1a, and 

pETGST_1a (figure 3) – would give the highest protein yield in the supernatant after cell lysis, a 

protein miniscreen was set up. 

  One colony from each of the four vectors that had been transformed into Rosetta [DE3] sp. were 

grown in separate wells in a 24 well plate. Each colony was grown in 1 mL LB medium with 50 μg/ml 

of kanamycin for 4 hours at 310K under gentle shaking (170 rpm). After sufficient bacterial growth 

was observed, the growth cycle was terminated and protein production started by adding 1 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) to each well. Bacteria were then left to grow for an 

additional hour before samples were transferred to eppendorf tubes and centrifuged at 4000 rpm for 

5 min. Pellets were then dissolved in buffer A, and sonicated with four short bursts. Broken bacteria 

membrane and other debris were spun down, and the supernatant was poured over columns containing 

200 μL Ni-NTA agarose. After having washed the column with buffer A, the recombinant protein was 

eluted with buffer D. Protein content in each collected fraction – pellet, supernatant, and elute – from 

the protein purification was then compared between each vector with a 15 % acrylamide sodium 

dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) gel. 

3.2 Protein Purification of Lpa19 (A65-L199) 

Six buffers were used throughout the protein purification of Lpa19 (A65-L199): buffer A, 20 mM 

HEPES, 150 mM NaCl, pH 7.0; buffer B, 20 mM HEPES, 1 M NaCl, pH 7.0; buffer C, 20 mM 

HEPES, 10 mM imidazole, 150 mM NaCl, pH 7.0; buffer D, 20 mM HEPES, 200 mM imidazole, 

150 mM NaCl, pH 7.0; buffer E, 20 mM HEPES, pH 7.5; buffer F, 20 mM HEPES, 1 M NaCl, pH 

7.5. All buffers had been filtered through a 0.2 μm filter (Nalgen Rapid-flowTM, Thermo Scientific) 

prior to use in order to remove any potential particulate matter. 

3.2.1 Autoinduction 

Theory 

One method to assure high reproducibility for recombinant protein production in E. coli is 

autoinduction [37]. Autoinductions key feature is its diauxic growth, which takes into account that 

glucose is the most preferentially consumed carbon source by the bacteria in its initial growth phase 

[38]. After all the glucose has been consumed, a lag phase (OD600nm 0.6 – 0.8) follows, after which 

the bacteria switches to alternative carbon sources, i.e. glycerol and lactose. The reason for this lag 

phase taking place is so that the bacteria can produce sufficient quantities of lactose-metabolizing 

enzymes (β-galactosidase). 

  During the initial phase, the catabolite repression of alternative carbon pathways maintains protein 

production on a low level [38,39]; this repression extends its function to the lac repressors (lacI) and 

lac operators (lacO). Utilizing this knowledge, all cloning vectors used in these experiments contains 

the lacI gene to prevent protein production during the growth phase. Once all glucose has been 

consumed, catabolite repression is relieved and the bacteria starts to import lactose, resulting in the 

production of allolactose through cleavage of lactose by β-galactosidase. Allolactose then removes 

the repressor (lacI) from the lacO and enables the T7 RNA polymerase to both be translated and bind 

to the lacO promotor, which then starts the expression of the recombinant protein. 
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Experimental section 

  Rosetta [DE3] bacteria containing the Lpa19 (A65-L199) gene ligated to the Trx1b vector were 

initially grown to an OD600nm of ~0.8 in 15 mL LB medium with 40 μg/mL kanamycin. Once a 

sufficient OD600nm had been established, the bacteria were pipetted into autoinduction medium 

(1:1000 1000x trace elements mix, 1 mM MgSO4, 1xLB medium, 125 mM NH4Cl, 62.5 mM KH2PO4, 

62.5 mM Na2HPO4, 1.25 mM Na2SO4, 0.5% glycerol, 0.05% glucose, 0.2% lactose, with 100 μg/ml 

kanamycin and 34 μg/ml chloramphenicol) and placed on shaker (215 rpm) at 310K until an OD600nm 

around 0.8 was observed. Rosetta bacteria can grow in chloramphenicol since its plasmid (pRARE), 

which codes the tRNA codons, has a resistance gene for chloramphenicol. After sufficient bacteria 

growth, the temperature was lowered to 297K and the bacteria were kept on the shaker overnight. 

  Grown cell cultures were centrifuged at 4000 rpm for 20 min, and supernatant was decanted. In 

order to break the bacteria cell membrane, the pellet was first frozen in 193K for 5 min and then 

redissolved in freshly made HEPES buffer C with chicken egg white lysozyme and DNaseI. 

Resuspended cells were then sonicated, and centrifuged for 30 min at 23000 rpm. The supernatant, 

containing the recombinant protein, was then isolated and the pellet was discarded. 

3.2.2 Immobilized Metal Affinity Chromatography (IMAC) 

As a first step towards isolating the recombinant protein, immobilized metal affinity chromatography 

(IMAC) was used. In the vector, a 6 polyhistidine-tag is translated along with the recombinant protein 

by the T7 RNA polymerase; when the polyhistidine-tag, still attached to the recombinant protein, 

encounters the nickel on the Ni-NTA agarose, it binds and is thus retarded within the Ni-NTA agarose 

column. Elution of the recombinant protein can then be done by disrupting the bond between the 

nickel and the polyhistidine-tag by adding high concentrations of imidazole. 

First IMAC 

  To remove excess bacteria proteins and unspecifically bond proteins to the nickel, two Ni-NTA 

columns were first washed with buffer C, followed by buffer B. A third wash step was then applied 

with buffer A before eluting the recombinant protein with buffer D. Protein concentration was verified 

with Denovix DS-11 nanodrop (molecular weight (MW): 31300 Da; molar extinction coefficient (ε0) 

= 11460 M-1 cm-1). Collected protein fractions were then cut with tobacco etch virus nuclear inclusion 

a endopeptidase (TEV protease) in a 5k MW semipermeable membrane buffered against buffer A to 

remove the imidazole. TEV protease recognizes a general epitope E-X-X-Y-X-Q, where X is any 

amino acid, and proceeds to cut between glutamine (Q) and glycine (G) or serine (S). For the Trx1b 

plasmid, this sequence is EBLYFQ with a G followed immediately after the Q amino acid. The 

nucleotides GGCG and those for the NcoI recognition site (CCATGG) are left intact downstream of 

the TEV cleavage site. Together, these nucleotides leaves a three amino acid artifact (GAM) upstream 

of the LPA19 gene, which will be translated together with the LPA19 protein. Thus three amino acids, 

non-native to the LPA19 protein, will be left at LPA19’s N-terminus. 

Second IMAC 

  In order to separate the recombinant protein from any remaining TEV protease (27 kDa), previously 

unspecifically bound proteins, and cut Trx1b vector (14.5 kDa) the protein mixture was stepwise 

separated over three nickel columns, using buffer A to elute the recombinant protein. After eluting the 

recombinant protein from each column, the flowthrough, containing the non-bound protein, was 

collected and then poured over a new column. In order to assure that the recombinant protein had 

been fully eluted, the protein concentration of the last drop from the column was analyzed with 

Denovix DS-11 nanodrop (MW = 15124 Da; ε0 = 11460 M-1 cm-1). At the end, the remaining fraction 

was collected and successful removal of TEV protease was verified with SDS-PAGE (15 % 

acrylamide). 
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3.2.3 Mono P Anion Exchange Chromatography 

Theory 

Mono P is a weak anion exchanger, and has a porous, beaded media based on polystyrene/divinyl-

benzene. As for all anion exchangers, it is important to use zwitter ionic (e.g. HEPES) or cationic 

buffers to prevent unspecific binding between the column packing and the buffer. Particle charges are 

present both within the Mono P beads and on the outside, and are based on the mixture of different 

tertiary and quaternary amines with various pka values. Since there is a variation to the pka values, 

the media has an innate buffering capacity and is able to alter its charge state depending on the mobile 

phase's pH. Other anion exchangers, such as Mono Q, carry a constant amount of charges, and hence 

do not experience any change to its ionic capacity, regardless of pH. This is also the reason why Mono 

P can separate molecules based on their isoelectric points (pI) since it can form a pH gradient 

throughout the column media, a technique that is called chromatofocusing. Column separation is 

possible for molecules with a molecular weight up to 107 with a loading capacity of 5-10 mg/mL gel. 

Though higher loading amounts are generally better suited for when Mono P is used as an anion 

exchanger [40]. 

Experimental section   

  After having equilibrated the 1 mL Mono P HR 5/5 column (Pharmacia biotech, Sweden) with buffer 

E and buffer F, the gel filtrated co-elute was loaded on to the column, connected to the ÄKTAFPLC 

chromatography system (GE Healthcare, Sweden). Using the MonoP column as a weak anion 

exchanger, separation of the co-elute was done by going from 0 – 1 M NaCl (buffer F) with buffer E 

as zero point over 250 column volumes at 1 mL/min. At roughly 50 mM NaCl, the recombinant 

protein began to elute and kept eluting until the buffer concentration was at approximately 110 mM 

NaCl. A secondary peak, containing the majority of the co-elutes, was eluted after the recombinant 

protein. Verification of the presence and purity of Lpa19 (A65-L199) was done with SDS-PAGE (15 % 

acrylamide). Pure fractions containing Lpa19 (A65-L199) were then pooled and concentrated to ~175 

mg/mL by ultrafiltration using a 5 kDa molecular weight cut-off (Vivaspin 4, GE Healthcare, Sweden). 

Final protein concentration was determined with Denovix DS-11 nanodrop (MW = 15124 Da; ε0 = 

11460 M-1 cm-1). 

3.2.4 Size-Exclusion Chromatography 

Theory 

Likely the simplest method, and one of the mildest, to separate biomolecules is size-exclusion 

chromatography, also commonly referred to as gel filtration. After equilibrating the column with the 

intended buffer used for the protein separation, the sample is loaded on the column. While pushing 

with the same buffer as was used for the equilibration – also termed the mobile phase – the protein is 

slowly passed along the narrow corridors made up from the packing of the porous beads containing 

the stationary phase, which is in equilibrium with the mobile phase. Due to the nature of the packing, 

larger proteins are retained for a smaller amount of time in the column as they do not enter to the 

same extent that smaller proteins do into the beads' pours. 

  One such gel filtration column is the composite medium based Superdex, which has dextran 

covalently bond with cross-linked porous agarose particles; dextran being the main agent for protein 

separation within the column. Superdex is known for its high resolution fractioning with short run 

times and good recovery. However, there is one noticeable issue with Superdex columns: Though the 

selected packing is supposed to be inert and should not interact non-specifically with the proteins, it 

has been observed that acidic and basic proteins have interacted with the column media in absence of 

salt [41]. These column-to-protein interactions can luckily be minimized by using a salt concentration 

ranging between 0.15 – 1.5 M in the mobile phase. 
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  Generally, to identify when the various proteins exit the column, the proteins passes a UV lamp that 

is set to detect an absorbance at 280 nm. At this wavelength, phenylalanine, tryptophan, tyrosine, and 

to a lesser extent cystine, absorb light because of the transition of diffused pi electrons in their 

aromatic rings; or, in the case of cystine, because of the S-S disulfide bridge characteristic. 

Experimental Section 

  Prior to gel filtration, the protein sample was centrifuged (13000 rpm for 10 min) and the supernatant 

collected. Remaining protein sample – now free of protein aggregates – was then loaded on HiLoad 

16/60 Superdex 75 prep grade column (Pharmacia biotech, Sweden) connected to ÄKTAPurifier 

chromatography system (GE Healthcare, Sweden). Recombinant protein eluted after roughly 75 min 

at a flow rate of 1 mL/min with buffer A, and the pure Lpa19 (A65-L199) was collected for 10 min. 

Throughout the experiment, the column and the eluent was kept at 277K, so to cause minimal protein 

degradation. 

3.3 Crystallization of Lpa19 (A65-L199) 

291K Protein Crystallization 

To find initial LPA19 crystal growth condition, crystal screens with 96-well sitting-drop plates (MRC-

Wilden, UK) using the crystal screen kit and crystal screen kit 2 (Hampton Research, USA), ComPAS 

screen (QIAGEN, Venlo, Netherlands), and PEG/Ion (Hampton Research, USA) were set up. Protein 

concentrations screened with PEG-ION was 140 mg/mL while for Hampton Crystal Screen kit it was 

151 mg/mL, and for ComPAS 137 mg/mL in 20 mM HEPES, 150 mM NaCl, pH 7.5. Two drops for 

each solution condition was set up: the first drop held 100 nl purified LPA19 protein to 100 nl of 

reservoir solution; the other had 200 nl purified protein to 100 nl of reservoir solution. All crystal 

screens were kept at 291K and were constantly observed for crystal growth.  Automated sampling of 

the 96-well plates was done with a Mosquito pipetting robot (TTP LabTech, UK). 

  Additional crystal screens with crystal screen kit and crystal screen kit 2 (Hampton Research, USA) 

was also set up with 20 mg/mL LPA19 in the presence of 5 mM ZnCl2; and with 81 mg/mL LPA19 

in the presence of 9.3 mg/mL precursor D1 (pD1) C-terminus fragment (last 18 amino acids), which 

had co-incubated with LPA19 30 min prior to crystallization. Positive hits from co-incubation 

experiments with either ZnCl2 or the pD1 fragment were then screened more carefully with hanging 

drop vapor diffusion using a 24-well Linbro plate. 

  In the case of the pD1 C-terminus fragment, 175 mg/mL LPA19 was co-incubated with either 24 

mg/mL or 50 mg/mL pD1 fragment with drop sizes of either 0.5 µl, 1 µl, 2 µl, or 3 µl of protein to 1 

µl precipitate over a 500 µl buffer reservoir based on Hampton's crystal screen H7: 0.2 M 

monoammonium dihydrogen phosphate, 0.1 M Tris, pH 8.5, 50 % MPD. Salt crystal growth was 

found for 0.1 M HEPES, pH 8.5, 0.2 M mono-ammonium dihydrogen phosphate with 10 % 2-Methyl-

2,4-pentanediol (MPD) for all four drop concentrations. Crystals were determined to be salt with X-

ray crystallography. 

  For the ZnCl2, 20 mg/mL LPA19 was placed in drops with protein to precipitate µl ratios of either 

1:1, 2:2, or 3:1 over a 500 µl buffer reservoir with 5mM ZnCl2 based on Hampton's crystal screen 

F11: 1.6 M ammoniumsulfate, 0.1 M MES, pH 6.5, 10 % dioxane. Salt crystal growth was found for 

1.6 M ammoniumsulfate, 0.1 M MES (pH 6.5, pH 6.0, pH 5.5) with 10 % dioxane for all four drop 

concentrations. Crystals were determined to be salt with X-ray crystallography. 

278K Protein Crystallization 

  Since the previous protein suspension gave poor precipitate together with no apparent protein 

nucleation, a buffer change to 20 mM HEPES, pH 7.0 was done for the LPA19 protein. Under this 

condition, new initial protein screens with 96-well sitting-drop plates (MRC-Wilden, UK) using the 

crystal screen kit and crystal screen kit 2 (Hampton Research, USA), and PEG/Ion (Hampton 

Research, USA) was set up. Two drops for each solution condition was set up: the first drop held 100 
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nl purified LPA19 protein (175 mg/mL) to 100 nl of reservoir solution; the other had 200 nl purified 

protein (175 mg/mL) to 100 nl of reservoir solution. All crystal screens were kept at 278K and were 

constantly observed for crystal growth.  Automated sampling of the 96-well plates was done with a 

Mosquito pipetting robot (TTP LabTech, UK). Crystals detected in G3 (200 nl protein to 100 nl 

reservoir solution) and H10 (both drop conditions) were determined to be LPA19 with X-ray 

crystallography. 

  Crystals for both G3 (10 mM zinc sulfate heptahydrate, 25 % PEG 550 MME, 0.1 M MES, pH 6.5) 

and H10 (20 % PEG 550 MME, 0.1 M NaCl, 0.1 M Bicine, pH 9.0) were reproduced with hanging-

drop vapor diffusion using a 24-well Linbro plate at various PEG concentrations; specifically, 23 – 

28 % PEG 550 MME for G3 and 18 – 23 % PEG 550 MME for H10. Crystal growth was detected 

after 6 days for both H10 and G3 in all PEG concentrations; but, depending on where the nucleation 

occurred, the crystals could take up to 12 days to grow large enough for the purpose of being able to 

diffract. 

  A second 96-well sitting-drop plates (MRC-Wilden, UK) screen with crystal screen kit and crystal 

screen kit 2 (Hampton Research, USA) was also set up with a 1:1 ratio between LPA19 (175 mg/mL) 

and the pD1 C-terminus fragment (22 mg/mL). Two drops for each solution condition was set up: the 

first drop held 100 nl 1:1 ratio of the purified LPA19 and the pD1 fragment to 100 nl of reservoir 

solution; the other had 200 nl 1:1 ratio of the purified LPA19 and the pD1 fragment to 100 nl of 

reservoir solution. All crystal screens were kept at 278K and were constantly observed for crystal 

growth.  Automated sampling of the 96-well plates was done with a Mosquito pipetting robot (TTP 

LabTech, UK). 

3.4 LPA19 X-ray Data Collection 

  Crystals grown from sitting-drop vapor diffusion with 25 % PEG 550 monomethyl ether (MME), 

10 mM zinc sulfate heptahydrate, and 0.1 M MES monohydrate pH 6.5 were mounted on a cryoloop 

and exposed to X-ray diffraction (MicroStar, Bruker) at 100K (Oxford Cryosystem, Cryostream 

controller 700). Data was collected and refined with X8PROTEUM diffraction system (Bruker). Best 

collected X-ray diffraction data had a d-spacing of 1.40 Å from a single crystal. Each exposed crystal 

was rotated in steps of 0.250º per image over 360º. 

3.5 LPA19 Selenomethionine Labelling 

Aside from the methionine in the uncut GAM-tag, there is a second methionine present in LPA19 

(A65-L199) at residue 113. To achieve a good coverage of a protein with selenomethionine labelling, 

roughly 1/50 of the amino acids in the protein should be methionine. However, there are many cases 

where 1/100 has been sufficient to determine the complete structure with multi-wavelength 

anomalous dispersion (MAD). 

  To replace methionine with selenomethionine during protein production in E. coli, the growth 

medium must be stripped of resource to scavenge for normal methionine production. For this purpose, 

a minimal medium containing only the essentials for bacterial growth is used. 

  Rosetta E. coli bacteria were grown to various optical densities (OD) ranging between 0.28 – 1.4 at 

310K in minimal medium (2 mM MgSO4, 0.1 mM CaCl2, 4 g/L Glucose, 48 mM Na2HPO4, 22 mM 

KH2PO4, 9 mM NaCl, 19 mM NH4Cl, and 100 μg/ml kanamycin) diluted with water to 1L. Once the 

specific OD had been reached, the temperature was lowered to 298K and seleno-L-methionine (50 

mg/L) and an amino acid mixture (100 mg/L L-lysine, 100mg/L L-Threonine, 100 mg/L L-

phenylalanine, 50 mg/L L-leucine, 50 mg/L L-isoleucine, 50 mg/L L-valine, 50 mg/L L-proline) were 

added to the growth media. After 15 min, the selenomethionine labelling of the recombinant protein 

was induced with 0.4 mM IPTG, and the bacteria were then allowed to grow overnight. 
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3.6 Construction and Expression of Prx6 (M1-K212) Plasmid 

Peroxiredoxin-6 (Prx6) (M1-K212) plasmids were constructed in a similar fashion as to how the 

Lpa19 plasmid had been, but with the difference of using a previously transformed vector (pGEX-

5X-2), containing the genetic code for cyanobacterium Anabaena sp. PCC 7120 Prx6, for its PCR 

template [28]. pGEX-5X-2-Prx6 plasmids were kindly donated by Christin Grundström (Umeå 

university, Umeå, Sweden). 

  Forward (Pf 5'-GCTTCCATGGCTCTCCGTCTTGGTGATAC-3') and reverse primers (Pr 5'-

GCTTGGTACCTTACTTGTTAGGTTGAGGAGTTAACC-3') for the PCR of the pGEX-5x-2-Prx6 

plasmid were ordered from Eurofins Genomics GmbH. Highlighted in bold are the recognition sites 

for NcoI (forward primer) and Acc65I (reverse primer) that are introduced by the two primers. 

  PCR was performed over two cycles in a 30 μl reaction mixture (30 ng DNA, 3 μl 10x Pfu buffer 

with 20 mM MgCl2, 166 μM dNTPs, a total of 25 pmol from each primer, and 0.625 U Pfu 

polymerase). Prior to the first cycle, the sample tubes were kept for 2 min at 368K with a lid 

temperature of 383K. Cycle one was then initiated and repeated 7 times; each cycle had a denaturation 

temperature of 368K and was held for 30 sec, primer annealing was done for 30 sec with a temperature 

of 327K, and primer extension was then run for 1.45 min at 345K. Next, cycle two was run and 

repeated 25 times; each cycle had a denaturation temperature of 368K and was held for 30 sec, primer 

annealing was done for 30 sec at 337K, and primer extension was then run for 1.45 min at 345K. 

After cycle two ended, the samples were kept at 345K for 10 min and then at 277K for 10 min. 

  Transformation and growth conditions were identical to those of Lpa19 for both DH5α and Rosetta 

E. coli strains containing the Prx6 plasmid. Also, similar vectors to Lpa19 (A65-L199) were used for 

ligating the Prx6 gene fragment; specifically, pETTrx_1b, pETHis_1a, and pETGST_1a (figure 3). 

3.7 Protein Purification of Prx6 

Five buffers were used throughout the protein purification of Prx6 (M1-K212): buffer A, 20 mM 

HEPES, 150 mM NaCl, 5 mM β-mercaptoethanol, pH 7.0; buffer B, 20 mM HEPES, 1 M NaCl, 5 

mM β-mercaptoethanol, pH 7.0; buffer C, 20 mM HEPES, 10 mM imidazole, 150 mM NaCl, 5 mM 

β-mercaptoethanol, pH 7.0; buffer D, 20 mM HEPES, 200 mM imidazole, 150 mM NaCl, 5 mM β-

mercaptoethanol, pH 7.0; buffer E, 20 mM HEPES, 1 M NaCl, 2 mM dithiothreitol (DTT), pH 7.0; 

buffer F, 20 mM HEPES, 2 mM dithiothreitol (DTT), pH 7.0; buffer G, 20 mM HEPES, 150 mM 

NaCl, 2 mM DTT, pH 7.5. Buffers had been filtered through a 0.2 μm filter (Nalgen Rapid-flowTM, 

Thermo Scientific) prior to use in order to remove any potential particulate matter. 

  All purification steps for Prx6 were similar to Lpa19 but for a single key feature: Prx6 requires to 

be constantly kept in a reduced state, and was for that reason kept in 5 mM β-mercaptoethanol 

throughout the protein purification. However, since β-mercaptoethanol is unstable – thus being a poor 

choice for crystallization – the protein was eluted with 2 mM dithiothreitol (DTT) during the gel 

filtration step instead. 

3.7.1 Autoinduction 

Rosetta [DE3] bacteria containing the Prx6 (M1-K212) gene ligated to the Trx1b vector were initially 

grown to an OD600nm of ~0.8 in 15 mL LB medium with 40 μg/mL kanamycin. Once a sufficient 

OD600nm had been established, the bacteria were pipetted into autoinduction medium (1:1000 1000x 

trace elements mix, 1 mM MgSO4, 1xLB medium, 125 mM NH4Cl, 62.5 mM KH2PO4, 62.5 mM 

Na2HPO4, 1.25 mM Na2SO4, 0.5% glycerol, 0.05% glucose, 0.2% lactose, with 100 μg/ml kanamycin 

and 34 μg/ml chloramphenicol) and placed on shaker (215 rpm) at 310K until an OD600nm around 0.8 

was observed. After sufficient bacteria growth, the temperature was lowered to 297K and the bacteria 

were kept on the shaker overnight. 



20 

 

  Grown cell cultures were centrifuged at 4000 rpm for 20 min, and supernatant was decanted. In 

order to break the bacteria cell membrane, the pellet was first frozen in 193K for 5 min and then 

dissolved in freshly made HEPES buffer C with chicken egg white lysozyme and DNaseI. 

Resuspended cells were then sonicated, and then centrifuged for 30 min at 23000 rpm. The 

supernatant, containing the recombinant protein, was then isolated and the pellet was discarded. 

3.7.2 Immobilized Metal Affinity Chromatography (IMAC) 

First IMAC 

  To remove excess bacteria proteins and unspecifically bond proteins to the nickel, two Ni-NTA 

columns were first washed with buffer C, followed by buffer B. A third wash step was then applied 

with buffer A before eluting the recombinant protein with buffer D. Protein concentration was verified 

with Denovix DS-11 nanodrop (MW: 38674 Da; ε0 = 40910 M-1 cm-1). Collected protein fractions 

were then cut with tobacco etch virus nuclear inclusion a endopeptidase (TEV protease) in a 12-14k 

MW semipermeable membrane buffered against buffer A to remove the imidazole. Since Prx6 already 

begins its amino acid sequence with a methionine, there are only two additional amino acids (GA) 

left as an artifact at the translated proteins N-terminus. 

Second IMAC 

  In order to separate the recombinant protein from any remaining TEV protease (27 kDa), previously 

unspecifically bound proteins, and cut Trx1b vector (14.5 kDa) the protein mixture was stepwise 

separated over three nickel columns, using buffer A to elute the recombinant protein. After eluting the 

recombinant protein from each column, the flow through, containing the non-bound protein, was 

collected and then poured over a new column. In order to assure that the recombinant protein had 

been fully eluted, the protein concentration of the last drop from the column was analyzed with 

Denovix DS-11 nanodrop (MW = 23698 Da; ε0 = 33920 M-1 cm-1). At the end, the remaining fraction 

was collected and successful removal of TEV protease and cut Trx1b vector was verified with SDS-

PAGE (15 % acrylamide). 

3.7.3 Mono Q Anion Exchange Chromatography 

  After equilibration of the 8 mL Mono Q HR 10/10 column (Pharmacia biotech, Sweden) with buffer 

E and buffer F, the gel filtrated co-elute was loaded on to the column, connected to the ÄKTApurifier 

chromatography system (GE Healthcare, Sweden). Separation of the Prx6 protein was done by going 

from 0 – 1 M NaCl (buffer E) with buffer F as zero point over 30 column volumes at 1 mL/min. At 

roughly 180 mM NaCl, the recombinant protein began to elute and kept eluting until the buffer 

concentration was at approximately 300 mM NaCl. Verification of the presence and purity of Prx6 

(M1-K212) was done with SDS-PAGE (15 % acrylamide). Pure fractions containing Prx6 (M1-K212) 

were then pooled and concentrated to ~15 mg/mL by ultrafiltration using a 10 kDa molecular weight 

cut-off (Vivaspin 4, GE Healthcare, Sweden). Final protein concentration was determined with 

Denovix DS-11 nanodrop (MW = 23698 Da; ε0 = 33920 M-1 cm-1). 

3.7.4 Size-Exclusion Chromatography 

Prior to gel filtration of the recombinant protein, the protein sample was centrifuged (13000 rpm for 

10 min) and the supernatant collected. Remaining protein sample – now free of protein aggregates – 

was then loaded on HiLoad 16/60 Superdex 75 prep grade column (Pharmacia biotech, Sweden) 

connected to ÄKTApurifier chromatography system (GE Healthcare, Sweden). After eluting for roughly 

69 min at a flow rate of 1 mL/min with buffer G, the Prx6 (M1-K212) was eluted, and the protein 

was collected in four 5 mL fractions. Throughout the experiment, the column and the eluent was kept 

at 277K, so to cause minimal protein degradation. Fractions containing pure Prx6 (M1-K212) were 

then pooled and concentrated to ~15 mg/mL by ultrafiltration using a 10 kDa molecular weight cut-

off (Vivaspin 4, GE Healthcare, Sweden). Final protein concentration was determined with Denovix 

DS-11 nanodrop (MW = 23698 Da; ε0 = 33920 M-1 cm-1). 
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3.8 Prx6 Protein Stability Measurement 

Differential scanning fluorimetry (DSF) was applied for detection of protein unfolding over both a 

350 and 330 nm wavelength to assure positive identification of the protein's thermal unfolding 

transition midpoint. By observing the tryptophan's fluorescence during unfolding, DSF can detect the 

changes to its photo-physical properties since it is no longer shielded inside the protein core but gets 

exposed to the solvent [42]. To avoid secondary reporter fluorophores, nanoDSF-Prometheus NT.48 

from Nano Tempter Technologies GmbH (Munich, Germany) was used. 

  All protein samples contained 0.3 mM purified Prx6 in either 20 mM HEPES, 150 mM NaCl, 2 mM 

DTT, pH 7.0 or 20 mM BIS-TRIS, 150 mM NaCl, 2 mM DTT, pH 6.0. Hydrogen peroxide (10 mM) 

was added on ice to respective buffer samples 2 minutes prior to loading the protein into sample 

capillaries. Protein thermal unfolding was done between 20° - 95° C with a 1° C/min increment. 

Determination of melting temperature (Tm) was done by calculating the ratio between F350/F330 

either by calculating the first derivative or by analyzing the F330 nm and the first derivative. Final 

data evaluation and on site machine operation was kindly done by Teresia Hallström from 

NanoTemper Technologies GmbH. 

3.9 Crystallization of Prx6 

Crystallization was based on previous found conditions for cyanobacterium Anabaena sp. PCC 7120 

Prx6 protein [29]. Improvements from the previous cloning was that this time the six aminoacids 

(GIPGIP) were not attached to the start of the N-terminus; instead, TEV protease cleavage leaves 

only two redundant aminoacids (GA) at the N-terminus. 

  Hanging drop vapor diffusion was set up using 24-well Linbro plates with drop sizes of either 2 µl 

precipitate to 1 µl of protein (15 mg/mL) or 3 µl precipitate to 2 µl of protein (15 mg/mL) over a 500 

µl buffer reservoir. Crystal conditions that were screened spanned between 14 – 26 % polyethylene 

glycol (PEG) 8000 with 0.1 M sodium cacodylate trihydrate, pH 6.5 or 6.0, and 0.2 M ammonium 

acetate trihydrate, pH 5.2. To maintain the Prx6 protein in a reduced state, each well was also supplied 

with 2 mM DTT. Protein crystallization buffer condition was 20 mM HEPES, 150 mM NaCl, pH 7.5. 

Crystal growth and maturation was strictly maintained at 291K, and crystals large enough for 

diffraction were observed after 4 weeks. 

  To find additional Prx6 crystal growth conditions, crystal screens with 96-well sitting-drop plates 

(MRC-Wilden, UK) using the crystal screen kit and crystal screen kit 2 (Hampton Research, USA), 

ComPAS screen (QIAGEN, Venlo, Netherlands), PEG/Ion (Hampton Research, USA), and 

MORPHEUS (MRC laboratory of molecular biology, Cambridge, England) were set up. Protein 

concentrations used for PEG/Ion was set at 10 mg/mL while the remaining three screens – Morpheus, 

Hampton Crystal Screen kit, and ComPAS – had 5 mg/mL. Two drops for each solution condition 

was set up: the first drop held 100 nl purified Prx6 protein to 100 nl of reservoir solution; the other 

had 200 nl purified protein to 100 nl of reservoir solution. All crystal screens were kept at 291K and 

crystal growth was observed after approximately 4 weeks. Automated sampling of the 96-well plates 

was done with a Mosquito pipetting robot (TTP LabTech, UK). 

3.10 Prx6 X-ray Data Collection 

  Crystals grown from hanging-drop vapor diffusion with 18 % PEG 8000, 0.1 M sodium cacodylate 

trihydrate, pH 6.0, and 0.2 M ammonium acetate trihydrate, pH 5.2 were mounted on a cryoloop and 

vitrified in liquid nitrogen. Crystals intended for use in the thiol oxygenation trial were exposed to 

either 5 mM or 25 mM H2O2 diluted in the same solution condition as the crystals had grown in for 

either 5, 10, 25 or 50 min prior to vitrification. To maintain the frozen samples at a temperature close 

to 83K during the transport to the MaxII (Lund, Sweden) and ESRF (Grenoble, France) synchrotrons, 

they were kept in a cryogenic “dry-shipper” dewar (CX100, Taylor Wharton, USA). Best collected 

X-ray diffraction data had a d-spacing of 1.9 Å from a single crystal. Each exposed crystal was rotated 
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in steps of 0.55º per image over 110º. Accumulated data was indexed and integrated, kindly, by Uwe 

Sauer (Umeå university, Umeå, Sweden) with XDS [43], merged with POINTLESS [44], and scaled 

using SCALA [44]. Finally, intensities were transformed to structure factors with TRUNCATE [45]. 

4.0 Results and Discussion 

4.1 Lpa19 (GAM-A65-L199) 

4.1.1 LPA19 Protein Purification 

Recombinant protein of the mature form of LPA19 (A65-L199) from Arabidopsis thaliana was 

expressed in the Rosetta [DE3] E. coli strain to avoid incorrect protein expression since LPA19 has 

some rare codons in its sequence. Prior to large scale purification of LPA19, four different carrier 

vectors – His1a, Trx1b, GST1a, and Mbp1a – were evaluated to find the most suitable expression 

system. SDS-PAGE analysis after the first IMAC indicated that Trx1b gave the best protein 

expression for the recombinant protein (figure 4). 

 
Figure 4. SDS-PAGE (15 %) of LPA19 (A65-L199) miniscreen performed on the four vectors – His1a (lane 2-4), GST1a 

(lane 5-7), Trx1b (lane 8-10), and Mbp1a (lane 11-13). Lane 1: page ruler plus prestained protein ladder (Thermo 

scientific). Though some of the protein remains in the pellet (P), it is clear from the SDS-PAGE that Trx1b has the highest 

protein concentration of LPA19 in the supernatant (SN) prior to IMAC, and also allows for the highest quantity of protein 

to be extracted after elution (E) with 300 mM imidazole. Asterisk marks the location of where the mature LPA19 protein 

together with its carrier vector is. 

  Initial purification was done with a two stepped immobilized metal affinity chromatography (IMAC): 

First IMAC column purification allowed for the removal of any proteins that did not bind to the 

nickel-NTA agarose; the second IMAC then selected for proteins that did not bind to the column, as 

the Trx1b carrier vector carrying the six his-tag had been previously removed by cutting overnight 

with TEV protease. Nanodrop measurements after IMAC I and IMAC II indicated that the total 

amount of recombinant protein expressed after growth of 4 L bacteria suspension was 290 mg and 

194 mg, respectively. 

  SDS-PAGE analysis after IMAC II showed that some native E. coli proteins still remained in high 

concentrations (figure 5). Further protein purification with a weak anion exchanger (Mono P®, 

Pharmacia biotech, Sweden) followed by gel filtration (figure 6 and 7) allowed for satisfactory 

purification of LPA19. Purified LPA19 protein was stored in a 20 mM HEPES, 150 mM NaCl, pH 

7.5 buffer at 280K, and final recombinant protein yield was determined to be 175 mg. 

  Surprisingly, although the manufacturer notes claim that Mono P beads can only bind 5-10 mg/mL 

bead packing medium, column overloading with 60 mg/mL protein sample showed that the column 

was more than able to bind more than 40 mg/mL LPA19 protein (as determined with nanodrop, figure 

6).  
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Figure 5. SDS-PAGE (15 %) showing the purification steps done for LPA19. Lane 1: Page ruler plus prestained 

protein ladder (Thermo scientific); Lane 2: E. coli pellet (P); Lane 3: Supernatant (SN) containing the soluble 

proteins; Lane 4: Third elution (E3) from the first IMAC purification; Lane 5-6: Collected flow through (f.t) with 

300 mM imidazole from the first and second IMAC I column; Lane 7-8: TEV cut LPA19 protein; Lane 9: Pooled 

samples after the second IMAC purification; Lane 10: Pooled samples after Mono P purification. 'a' denotes the 

combined trx1b carrier vector bound to the LPA19 protein. 'b' denotes LPA19 protein. ‘c’ shows the TEV cleaved 

trx1b. 

 
Figure 6. Mono P anion exchange purification of the mature LPA19 (A65-L199) protein. (Top image) Typical 

chromatogram of an overloaded Mono P column. LPA19 protein was eluted with a 250 cV, 0 – 1 M NaCl gradient, 

and elution from the column occurred between 50 – 120 mM NaCl. (Bottom image) SDS-PAGE (15%) of protein 

containing fractions collected from the Mono P purification. Lane 1: Page ruler plus prestained protein ladder 

(Thermo scientific). Lane 2-8: Protein fractions (A4-A10, left to right) from the first peak. Lane 9: Unbound 

protein due to exceeding column capacity. Lane 10: Protein mixture prior to loading on the Mono P column. 

Asterisk marks LPA19 protein bands. 
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Figure 7. Gel filtration of LPA19 (A65-L199). Retention volume (Vr) is at 82.54 mL (20 mM HEPES, 150 mM NaCl, 

pH 7.5). 

4.1.2 LPA19 Protein Crystallization 

Initial crystal screens set up with Hampton crystal screen, ComPAS, and PEG/Ion at 291K had poor 

precipitation and did not form crystals. During screens for favorable crystallization conditions, it was 

found that the only tested additive that gave some precipitation improvement for LPA19 was small 

amounts of zinc chloride; however, all discovered conditions with Hampton crystal screen  that gave 

crystals (A3, F11, F9, and H7) were found to be salt (figure 8). Attempts to co-crystallize LPA19 

together with the precursor D1 (pD1) C-terminus fragment (last 18 amino acids) gave similar result. 
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Figure 8. Crystals obtained after 12 days of maturation from crystallization trials with LPA19. (a) typical salt crystal 

found from 1-1 molar ratio co-crystallization between LPA19 and the D1-fragment. (b) B10 hampton screen of LPA19 

(175 mg/mL), 1:1 precipitate-to-protein. (c) C4 hampton screen of LPA19 (175 mg/mL), 1:2 precipitate-to-protein. (d) 

G3 hampton screen of LPA19 (175 mg/mL), 1:2 precipitate-to-protein. (e) G4 hampton screen of LPA19 (175 mg/mL), 

1:2 precipitate-to-protein. (f) H10 hampton screen of LPA19 (175 mg/mL), 1:1 precipitate-to-protein. (g) B10 hampton 

screen of 1-1 molar ratio co-crystallization between LPA19 and the D1-fragment, 1:2 precipitate-to-protein. (h) D5 

hampton screen of 1-1 molar ratio co-crystallization between LPA19 and the D1-fragment, 1:1 precipitate-to-protein. (I) 

H5 hampton screen of 1-1 molar ratio co-crystallization between LPA19 and the D1-fragment, 1:2 precipitate-to-protein. 

  Due to LPA19s high solubility, the protein appeared hard to crystallize. Reducing a proteins stability 

in solution can make it more prone to precipitate and subsequently crystallize. To this end, all sodium 

chloride was removed from the protein solution and the pH lowered from 7.5 to 7.0; thermal 

restriction (278K) was also imposed to further reduce movement in flexible loop regions and reduce 

the nucleation growth rate. 

  Two screens were set up under these new conditions: Hampton crystal screen and PEG/Ion. After 

observing crystal growth for 12 days, protein crystals were detected in the Hampton screen for B10, 

C4, G3, G4, and H10 (figure 10 – b, c, d, e and f); no crystal growth was observed in the PEG/Ion 

screen. 

  After X-ray diffraction, both G3 and H10 were found to be protein crystals; crystals obtained from 

H10, however, were too asymmetrical and gave poor diffraction pattern, making optimization a 

requirement prior to X-ray data collection. Crystals grown in G3 required no further screening, though, 

and were hence selected for X-ray data collection. Collected diffraction data from a single G3 crystal 

over 24 h gave a lowest d-spacing of roughly 1.4 Å prior to data refinement (table 1). 
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Table 1. Diffraction data collected for GAM-LPA19 (A65-L199) from Arabidopsis thaliana. 

Number of crystals 1 

Chemical composition C676H1085N187O218S2 

Number of amino acids 138 

Crystal dimensions (mm) 0.3 x 0.3 x 0.4 

Detector Platinum135 CCD 

Crystal-to-detector distance (nm) 50 

Rotation range per image (°) 0.250 

Total rotation range (°) 360 

Resolution range (Å) 42.93 – 1.40 

Space group Monoclinic P (α = 90.0; β = 94.73; γ = 90.0) 

Unit-cell parameters a = 29.69; b = 50.02; c = 43.10 

Mosaicity (°) 1.09 

Total number of measured intensities 190784 

Unique reflections 20507 

Mean I/σ (I) 9.55 

 

  With similar solution conditions that gave diffracting protein crystals for LPA19, a 1:1 molar ratio 

between LPA19 (175 mg/ml) and the pD1 C-terminus fragment (22 mg/ml) were screened for crystal 

growth with Hampton crystal screen kit. Crystals were observed in D5, C4, B10, and H5 (figure 10 – 

g, h, i). For D5 and C4, crystal growth was only detected in the 1:1 ratio between precipitate and 

protein. B10 had crystal growth in both the well with equal amounts of protein to precipitate (1:1) 

and in the well with twice the amount of protein (1:2). H5 only showed growth in the well with twice 

the amount of protein (1:2). Unique hits from the LPA19-pD1 Hampton screen compared to the screen 

with only LPA19 was D5 and H5. It is possible that either or both of these crystal conditions might 

have a co-crystallization between LPA19 and the pD1 C-terminus fragment. 

4.1.3 Bioinformatic Study and X-ray Results for LPA19 

  Bioinformatic approaches to find already solved X-ray crystal or NMR structures with high 

similarity to LPA19's mature amino acid sequence with, for instance, Phyre2 reveals that the closest 

related protein is PSB27-H1 from Synechocystis sp. PCC 6803 photosystem II (pdb = 2KMF) with 

an identity of 27 % and a sequence coverage of 77 % [46, 47]. However, it was found that the structure 

similarity between the two proteins was insufficient for solving the phase problem with homology 

modelling. Furthermore, the 10 mM zinc sulfate heptahydrate that was present in the buffer solution 

in the G3 Hampton crystal screen did not provide an anomalous signal, making it impossible to solve 

the structure directly with single-wavelength anomalous dispersion (SAD). The lack of an anomalous 

signal in the diffraction pattern from zinc further indicates that it is unlikely that LPA19 binds zinc in 

its native form. 

  Without closely relating crystal data available, solving the phase problem would require either multi-

wavelength anomalous dispersion (MAD) using, for instance, selenomethionine (SeMet) labeling, or 

soaking the crystals in a concentrated heavy atom solution containing, for instance, iodide and then 

solve the structure with SAD [48, 49]. Early attempts towards growing sufficient quantities of SeMet 

labeled LPA19, lacking its signal peptide (amino acid 1-64), showed that optimal expression of the 

mature LPA19 in SeMet minimal medium was at an OD of 0.28 (figure 9). Higher OD gave little to 

no expression of the recombinant protein. Growing crystals under these conditions would be 

favorable to isolate a sufficient quantity of SeMet labeled LPA19 for crystallization purposes. This 

has, however, yet to be done. 
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Figure 9. SDS-PAGE (15 %) of selenomethionine labelled LPA19 (A65-L199) yields at various optical densities (OD). 

Though most of the protein remains in the pellet (P), it is clear from the SDS-PAGE that OD 0.28 has the highest protein 

concentration of LPA19 in the supernatant (SN) prior to IMAC, and also allows for the highest quantity of protein to be 

extracted after elution (E) with 300 mM imidazole. All protein seems also to have bound to the IMAC column, as there 

is no apperant LPA19 band on the SDS-PAGE in the flowthrough (F.t) for any of the ODs collected after passing 20 mM 

HEPES (pH 7.0) buffer through the column. Molecular marker in both images was page ruler plus prestained protein 

ladder (Thermo scientific). Asterisk marks the expected location of LPA19 (A65-L199) bound together with the carrier 

vector Trx1b. 
 

  Without an actual structure to analyze, it is only possible to speculate on how LPA19's structure 

might look like. However, if PSB27-H1 from Synechocystis sp. is any indication of its general 

appearance, then it would either be a four helix bundle or something closely resembling to it. Though, 

it is required to solve the phase problem to completely validate these speculations. 

4.2 Prx6 (GA-M1-K212) 

4.2.1 Prx6 Protein Purification 

Previous studies on the Prx6 protein had indicated that Trx1b was the best expression vector for the 

GIPGIP-tagged protein [unpublished data]. Continuing with this assumption, Trx1b was used as a 

carrier vector for the expression of the GA-Prx6 protein. 

  Similar to LPA19, initial purification was done with a two stepped immobilized metal affinity 

chromatography (IMAC): First IMAC column purification allowed for the removal of any proteins 

that did not bind to the nickel-NTA agarose; the second IMAC then selected for proteins that did not 

bind to the column, as the Trx1b carrier vector carrying the six his-tag had been previously removed 

by cutting overnight with TEV protease. Nanodrop measurements after IMAC I and IMAC II 

indicated that the total amount of recombinant protein expressed after growth of 2 L bacteria was 

1178 mg and 625 mg, respectively. 

  SDS-PAGE analysis after IMAC II showed that some native E. coli proteins still remained in high 

concentrations and that the TEV protease cutting had been inefficient (figure 10). Protein mixture 

was subsequently cut again with TEV protease overnight with a higher sodium chloride concentration 

than before (0.5 M NaCl instead of 0.15 M NaCl) to facilitate access to TEV cut sites. At first, only a 

rougher purification was also done by performing only gel filtration after the second IMAC (figure 

11), retaining the supposed breakdown product in the protein solution. However, a second batch was 
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also grown where the protein was further purified with a Mono Q® anion exchanger (Pharmacia 

biotech, Sweden) followed by gel filtration to get better diffracting crystals (figure 12 and 13). All 

purified Prx6 protein was stored in a 20 mM HEPES, 150 mM NaCl, pH 7.5 buffer at 280K. Final 

recombinant protein yield was determined to be 40 mg (table 2). 

 
Figure 10. SDS-PAGE (15 %) showing the purification steps done for Prx6. Lane 1: Page ruler plus prestained protein 

ladder (Thermo scientific); Lane 2: E. coli pellet (P); Lane 3: Supernatant (SN) containing the soluble proteins; Lane 4: 

first elution (E1) from the first IMAC purification; Lane 5: second elution (E2) from the first IMAC purification; Lane 6-

7: Collected flow through (f.t) with 300 mM imidazole from the first and second IMAC I column; Lane 8-9: TEV cut 

Prx6 protein; Lane 10: Pooled samples after the second IMAC purification; Lane 11: Pooled samples after Mono Q 

purification. 'a' marks the presence of Prx6 bound together with its trx1b carrier vector; 'b' indicates the location of Prx6; 

and ‘c’ indicates the location of the TEV cleaved Trx1b vector. 

 

 
Figure 11. Gel filtration after IMAC II. (a) gel filtration chromatogram of Prx6. Impure Prx6 protein elutes after roughly 

59 mL at 1 mL/min. (b) SDS-PAGE (15%) of the pooled samples from the first (first peak) and second (second peak) 

peak that eluted after the initial impurity. Lane 1: Page ruler plus prestained protein ladder (Thermo scientific); Lane 4: 

loaded protein sample on the HiLoad 16/60 Superdex 75 prep grade column after IMAC II purification; Lane 6 and 8: 

Pooled samples of the first (first peak) and second (second peak) peak of the Prx6 protein. Asterisk marks the location of 

Prx6 protein bands. 
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Figure 12. Mono Q anion exchange purification of the mature Prx6 (M1-K212) protein. (Top image) typical 

chromatogram of a Mono Q run. Prx6 protein was eluted with a 25 column volume (cV), 0 – 1 M NaCl gradient, 

and elution from the column occurred between 180 – 310 mM NaCl. (Bottom image) SDS-PAGE (15%) of 

protein containing fractions collected from the Mono Q purification. Lane 1: Page ruler plus prestained protein 

ladder (Thermo scientific); Lane 2: Protein mixture loaded on the Mono Q column. Lane 3-12: Protein fractions 

from the first peak. Lane 13: Empty; Lane 14: Pooled protein from B10-C10 containing the breakdown product; 

Lane 15: Pooled protein from A5-B11, free of the breakdown product. Asterisk marks the presence of Prx6 

protein bands. 

 
Figure 13. Gel filtration of Prx6 (M1-K212). Retention volume (Vr) is at approximately 77.5 mL (20 mM HEPES, 150 

mM NaCl, 2mM DTT, pH 7.5). 
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4.2.2 Differential Scanning Fluorimetry 

When hydrogen peroxide levels are low or moderate, Prx6 converts the peroxide to water; at high 

levels, Prx6’s peroxidatic sulphur group becomes either double (sulfinic acid, SO2H) or triple 

(sulfonic acid, SO3H) oxidized, inactivating the protein, which sends a signal to the cell that the 

peroxide levels are too high. During both of these instances, the protein alters its structure. To detect 

changes in Prx6’s protein conformation, differential scanning fluorimetry (DSF) can, for instance, be 

applied. 

  NanoDSF readings at pH 7.0 and 6.0 gave melting temperature (Tm) values of 51.1˚ and 42.4˚ C, 

respectively. Compared to the previously found Tm determined by circular dichroism (CD) of 54˚ 

[unpublished data], this would indicate that the protein is significantly more unstable at pH 6.0 than 

at pH 7.0. Two additional readings for both pH-values were taken from Prx6 samples that had 

previously been frozen in liquid nitrogen for either 30 min or 7 days. Readings from these frozen 

samples showed similar Tm-values as its unfrozen counterparts, indicating that the freezing procedure 

had had little effect to the proteins stability (table 2). 

Table 2. NanoDSF melting temperature (Tm) readings in Celsius degrees at two different buffer conditions for Prx6: 

HEPES – 20 mM HEPES, 150 mM NaCl, 2 mM DTT, pH 7.0; BIS-Tris – 20 mM BIS-Tris, 150 mM NaCl, 2 mM DTT, 

pH 6.0. 

Protein Solution Content Tm1 Tm2 Tm3 Tm4 

Prx6, HEPES, pH 7.0 51.1˚ N/A N/A N/A 

Prx6, HEPES, pH 7.0 + H2O2 40.4˚ 48.7˚ 55.6˚ N/A 

Prx6, BIS-Tris, pH 6.0 42.4˚ N/A N/A N/A 

Prx6, BIS-Tris, pH 6.0 + H2O2 33.5˚ 41.8˚ 46.6˚ 70.3˚ 

Prx6, HEPES, pH 7.0 – 1 week frozen 51.3˚ N/A N/A N/A 

Prx6, BIS-Tris, pH 6.0 – 1 week frozen 43.3˚ N/A N/A N/A 

Prx6, HEPES, pH 7.0 – 30 min frozen 51.0˚ N/A N/A N/A 

Prx6, BIS-Tris, pH 6.0 – 30 min frozen 44.2˚ N/A N/A N/A 

 

  Addition of 10 mM hydrogen peroxide (H2O2) to both Prx6 in the HEPES buffer (20 mM HEPES, 

150 mM NaCl, 2 mM DTT, pH 7.0) and in the BIS-Tris (20 mM BIS-Tris, 150 mM NaCl, 2 mM DTT, 

pH 6.0) gave a drastic decrease in signal as well as multiple Tm-values (table 2, figure 14). This 

would suggest that the purified Prx6 protein is enzymatically active and has broken down the H2O2. 

Also, since the H2O2 concentration was so high, it is likely that Prx6's cysteine's thiol group is either 

double or triple oxidized at this state and has changed its protein conformation. All tested protein 

samples had been purified with both Mono Q and gel filtration and found to be pure on SDS-PAGE 

(figure 10). 

 
Figure 14. Melting Scan and first derivate of Prx6 with and without H2O2 in pH 6.0 and 7.0. F350/F330 ratio (y-axis) is 

plotted against the temperature in Celsius degrees (x-axis). Colored lines at transition points correspond to peak maxima, 

Tm, of the first derivative. 
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4.2.3 Prx6 Protein Crystallization 

Initial purification was done with gel filtration only, and crystal growth was observed after 6 weeks 

with hanging drop vapor diffusion using previously published crystallization conditions (figure 15) 

[29]. Mature crystals diffracted to a highest d-spacing of 1.9 Å at a protein concentration of 15 mg/mL. 

 
Figure 15. Typical Prx6 crystals. Crystals grew at 291K in a hanging drop for five weeks before diffracted. 

  New crystal conditions that required less protein were also screened for with the protein sample that 

had only been gel filtrated. In the case of PEG/Ion (10 mg/mL), both A7 and A9 gave positive crystal 

hits at 1:2 and 1:1 precipitate-to-protein, respectively. The Hampton crystal screen gave also two hits: 

A9 and F2, both having crystal growth in the 1:1 and 1:2 precipitate-to-protein conditions. For 

COMPAS (5 mg/mL), only B2 gave crystal growth at 1:2 precipitate-to-protein. Morpheus (5 mg/mL), 

however, did not show any crystal growth over 12 weeks. 

  New trials were set up to get better diffracting crystals, this time with a more pure protein sample. 

Protein concentrations ranging between 4 – 15 mg/mL with and without crystal seeding were 

attempted to be crystallized with hanging drop vapor diffusion against the same conditions as before. 

However, no crystals were observed. Lack of crystal growth was assumed to be because that the 

purification had been too strict, and that the assumed breakdown product might be important for the 

Prx6 protein to dimerize. 

4.2.4 Bioinformatic Study and X-ray Results for Prx6 

To date, research have shown that peroxiredoxins (Prx) have a dual function regulated by the levels 

of reactive oxygen species (ROS) present in the cell [50]: At low to moderate ROS levels, the 2-Cys-

Prx's peroxidatic cysteine thiol group becomes oxidated (SOH) and forms inter-molecular disulfide 

bonds with its resolving cysteine thiol, which allows for the breakdown of ROS into water and thus 

prevents cellular damage; at high levels, though, the peroxidatic cysteine thiol group becomes 

overoxidized to sulfinic acid (Cys-SO2H) or sulfonic acid (Cys-SO3H), which inactivates the Prx 

protein because it cannot form disulfide bonds and thus sends a signal to the cell that higher 

concentration of antioxidants, such as the catalase (CAT) enzyme and vitamin C, are required to 

prevent cell damage [51]. A similar mechanism occurs for 1-Cys-Prxs, however, it does not involve 

oxidation of a secondary cystein thiol, as it only has the conserved peroxidatic cysteine at its N-

terminal. 

  However, to convert its sulfenic acid form (Cys-SOH) back into its none-oxidized, native form, the 

Prx requires a reductant, such as, thioredoxin. But, in a purified protein solution there is no such 

protein present, leaving it exposed to easily overoxidize. To prevent this from happening, one can add 

reductant agents in the solution, which was done in this experiment with both β-mercaptoethanol and 

DTT. Both of these agents are known to keep the protein in an active but not native fold [52, 53]. 

Hence, crystallizing the protein with DTT will likely not capture Prx6's native fold. To circumvent 
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this problem, the several Prx6 protein crystals were dipped in two hydrogen peroxide concentrations 

(5 mM and 25 mM); hopefully this would allow for the peroxidatic cysteine thiol to be in its single, 

double and triple oxidized state. Though, the native, none oxidized form is unlikely to be correctly 

represented with this method. 

  Unfortunately, due to complications at the MaxII synchrotron, the diffraction data that was collected 

could not be accessed. For this reason, there was not enough time in the project to actually analyze 

the structures. As such, it is impossible to determine if dipping the Prx6 crystals in the H2O2 solutions 

successfully isolated the three oxidation steps, nor was there time to evaluate the Prx6 crystal not 

exposed to hydrogenperoxide diffracted at ESRF, which supposedly has the reduced peroxidatic 

cysteine thiol (Cys-SH). But, from the differential scanning fluorimetry measurements, it is possible 

to verify that the purified protein gave a significant response to H2O2 exposure, which would indicate 

that an active protein was likely purified and successfully crystallized. And from pairwise sequence 

comparison of Prx6 with Phyre2, it is possible to estimate its structure based on its similarity to hORF6, 

a human peroxiredoxin, that has a 55% sequence identity over 206 amino acids (PDB: 1prx) [47, 54] 

(figure 16). Similar to Prx6, hORF6 natively exists as a dimer and has a thioredoxin fold in its first 

(residue 1 – 174) of two domains. hORF6’s second domain (residue 175 – 224), comprises of three 

β-strands and one α-helix. The second domain is connected to the first through an extended loop 

containing an α-helix. However, the interaction between the two domains is minimal. 

 
Figure 16. Prx6 monomer based on homology modelling with hORF6 as a template. Location of Prx6's catalytic cysteine 

(residue 45) is highlighted. 
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5.0 Conclusion 

Inside all organisms, reactive oxygenic species (ROS) are continuously produced, whether it is for 

the sake of protection against viral assault, due to environmental stress factors, or as a process side 

product, for instance, from the production of ATP. High levels of ROS, such as singlet oxygen (1O2) 

and superoxide anions (O2-), can cause severe damage to cellular structures and ultimately lead to 

cell death. Understanding the tentative balance that takes place in the cell is of significant value also 

from a medical perspective, as ROS have been implicated in various inflammatory responses, 

including cardiovascular disease. Here, two proteins were cloned and crystallized: Prx6 from 

Anabaena sp. PCC 7120 and LPA19 from Arabidopsis thaliana. 

  Prx6 is a known peroxiredoxin and its role during low to medium levels of ROS in the cell is to 

reduce the ROS into water. At high ROS levels, Prx6 changes its function to that of a molecular 

chaperone and prevents misfolding or unfolding of other proteins. The change to a high molecular 

weight chaperone also sends signal to the rest of the cell that it is in danger, and thus elicits the aid of 

other proteins that are able to combat ROS. 

  LPA19 (PSB27-H2) has recently been found to interact with the soluble C-terminal regions of 

mature D1 (amino acids 296–344) but not its precursor (amino acids 296–353) in the thylakoid lumen, 

and has also been implicated in PSII biogenesis and stabilization [22]. This makes the protein vital 

for the de novo buildup of the PSII. 

  Though neither of these proteins are directly related, they both share a commonality in that they are 

vital for the cells machinery. Elucidating the structure of LPA19 will hopefully provide better insight 

in how the PSII in the thylakoid membrane is initially formed. And structural insight from Prx6 will 

hopefully make it clearer on how the cell is kept protected from cellular damage by ROS. With 

crystallization complete and X-ray diffraction data collected for both these proteins, this can soon be 

realized. 

6.0 Outlook 

In the case of LPA19, the first priority would be to solve the phase problem with either MAD or SAD. 

Once the crystal structure has successfully been modelled, it should be possible to identify the active 

site of LPA19 and better understand its functional role in PSII biogenesis. Next, co-crystallization 

with the soluble mature D1 (mD1) fragment, present in the lumen side of the thylakoid membrane, 

and LPA19 could verify previous findings and allow for deeper understanding of how LPA19 assists 

in PSII core subunit assembly. Verification of the active site location, as estimated from the crystal 

structure, could then be done by making various Arabidopsis thaliana mutants of the LPA19 gene. 

  For Prx6, the most topical matter is to refine the electronic density of the diffracted data collected 

from the MaxII synchrotron. Only then can the model be refined and the structures resolved for the 

four oxygenic states for its peroxidatic cysteine thiol group. Structural analysis will then hopefully 

elucidate something behind the mechanism through which Prx6 interacts with hydrogen peroxide and 

how it is dimerized. 
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