
 
 

 

Characterization of Thylakoid Immunophilins in Arabidopsis 

 

By 

Veder Joel García 

 

A dissertation submitted in partial satisfaction of the  

 

requirements for the degree of  

 

Doctor of Philosophy 

 

in 

 

Plant Biology 

 

in the 

 

Graduate Division 

 

of the 

 

University of California, Berkeley 

 

 

Committee in charge: 

Professor Sheng Luan, Chair 

Professor Lewis Feldman 

Professor Randy Schekman  

 

 

Spring 2013 

 



 
 

 

 

 

 

 

 

 

 

 

 

Characterization of Thylakoid Immunophilins in Arabidopsis 

 

Copyright 2013 

By 

Veder Joel García



 

1 
 

Abstract 

 

Characterization of Thylakoid Immunophilins in Arabidopsis 

 

by 

 

Veder Joel García 

 

Doctor of Philosophy in Plant Biology 

 

University of California, Berkeley 

 

Professor Sheng Luan, Chair 

 

 The FK506-binding proteins (FKBPs) and cyclophilins (CYPs), collectively called 

immunophilins, were originally discovered as cellular receptors for immunosuppressive 

drugs FK506 and cyclosporine A. A common feature of immunophilins is their peptidyl-

prolyl cis/trans isomerase (PPIase) activity that often functions in protein folding. These 

proteins exist in a wide range of organisms from bacteria to animals and plants. The 

abundance and diversity of immunophilins identified to date underlie the functional 

versatility of this protein family. In plants, immunophilins are present in various cellular 

compartments and, in particular, they constitute a significant portion of the chloroplast 

proteome. Recent studies suggest that chloroplast immunophilins play important roles in 

assembly and maintenance of photosynthetic complexes. However, the majority of 

chloroplast immunophilins await detailed functional characterization.  

 As a first step to investigate plant chloroplast immunophilins, an evolutionary 

analysis was performed on sequences derived from eight representative species across a 

large evolutionary time-scale; from algae to higher plants. Multiple blast searches in 

these genomes resulted in identification of fifty CYPs and seventy-three FKBPs. 

Sequence analysis and phylogenetic tree reconstruction indicated that chloroplast 

immunophilin proteins are largely conserved from green algae to higher plants. 

 Reverse genetics was employed in Arabidopsis, coupled with molecular and 

biochemical analyses, to examine the function of chloroplast immunophilins.   Among 

them, CYP37 plays a critical role in response to high light stress. A cyp37 mutant 

displayed defect in anthocyanin accumulation under high light. Consistently, cyp37 

accumulated higher levels of reactive oxygen species as compared to wild-type plants. 

Moreover, leaf chlorophyll fluorescence analysis indicated a higher electron transport 

rate in the mutant. However, thylakoid membrane protein composition was not 

significantly altered. Further yeast two-hybrid assays identified cyt f and PsbM as CYP37 

interactors, suggesting that CYP37 may be involved in regulation of cytb6f complex or 

photosystem II (PSII). Taken together, these results suggest CYP37 plays a role in 

defense mechanisms under high light stress conditions. 
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 Functional redundancy appears to be a major feature among chloroplast 

immunophilins. Data collected herein suggest that AtCYP28 might be functionally 

redundant with other immunophilins as plants lacking CYP28 do not exhibit any 

phenotypic change under a number of stress conditions. To further address the potential 

functional redundancy of immunophilins, we generated double mutants between four 

FKBP single mutants (AtFKBP16-3, 16-4, 17-1, and 20-2). Among the double mutants 

produced, only the fkbp20-2/fkbp16-3 showed a significant phenotypic change under 

normal growth conditions. Plants lacking these two FKBPs were stunted in growth and 

their photosynthetic efficiency was compromised. FKBP20-2 interacted with CP43 and 

FKBP16-3 interacted with CP47 in a yeast two-hybrid assay. As both CYP43 and CP47 

are subunits of the PSII complex, our data suggest that FKBP20-2 and FKBP16-3 may 

work together in the assembly/maintenance of PSII.  

 In conclusion, the work presented in this thesis supports the hypothesis that 

chloroplast immunophilins have distinct and overlapping functions. They serve as critical 

regulators in photosynthesis-related processes including the assembly of photosynthetic 

complexes and adaptation to various light intensities in the natural environment. 
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1.1 Discovery and Classification of Immunophilins 

 

 Few proteins have had more exciting beginnings than that offered by the 

ubiquitous immunophilin family. The story dates back more than three decades ago, 

when scientist discovered a fungal cyclic peptide (cyclosporine A) which subsequently 

was demonstrated to serve as a potent immunosuppressant clinically used for organ 

transplantations (Borel et al., 1977). Several years following the discovery of 

cyclosporine A, another immunosuppressive agent, FK506, was discovered as a 

macrolide from soil bacteria (Kino et al., 1987; Tanaka et al., 1987). Soon, a search for 

the cellular targets of these immunosuppressants began. In 1984, Handschumacher et al. 

purified from bovine thymocytes an abundant cytosolic cyclosporine A-binding protein, 

which they termed “cyclophilin.” Meanwhile, an enzyme peptidyl-prolyl cis-trans 

isomerase (PPIase) was discovered and linked to protein folding (Fischer et al., 1984).  

Remarkably, the story heightens when two independent research groups showed that the 

PPIase enzyme was identical to the cyclophilin protein and published evidence that 

PPIase and cyclophilin were one and the same protein (Fischer et al., 1989; Takashi et al., 

1989). In parallel, Harding et al. (1989) identified a FK506-binding protein which did not 

cross react with antisera against cyclophilin, thus they termed it “FKBP” for FK506-

binding protein. Also, they showed that this FKBP was a cis-trans peptidyl-prolyl 

isomarase (PPIase) as well. Later, other groups reported that the FKBP can also bind 

another immunosuppressant, rampamycin, which is structurally similar to FK506 

(Dumont and Su., 1995).  Hence, although cyclophilins (CYPs) and FKBPs proteins 

share little sequence homology, they were collectively named ‘immunophilins’ based on 

their property of binding to these immunosuppressants and their common PPIase activity. 

Up to now, immunophilins have been shown to be ubiquitous proteins present in a wide 

variety of organisms including bacteria, fungi, animals, and plants where they are 

involved in a diversity of functions to be discussed in this chapter. 

 

 

1.2 Immunosuppression Mechanism in Brief 

 

 Both cyclosporine A (CsA) and FK506 have a similar immunosuppression 

mechanism in which the first step is to bind to the PPIase pocket of CYP or FKBP, 

respectively,  forming a complex; CsA-CYP, or FK506-FKBP (Schreiber and Crabtree, 

1992; Ho et al., 1996). However, inhibition of the PPIase activity by either drug does not 

play a role in immunosuppression as it was shown that other drug analogues can inhibit 

PPIase activity but does not function in immunosuppression (Bierer et al., 1990; Sigal et 

al., 1991). Further studies revealed that the drug-immunophilin complex (CsA-CYP or 

FK506-FKBP) interacts with and inhibits the activity of calcineurin, a calcium-activated 

calmodulin-dependent serine/threonine phosphatase that is responsible for de-

phosphorylation of a nuclear factor of activated T-cells (NF-AT), which in turn is 

required for downstream activation of important genes in the T-cell, such as interleukin 2 

(IL-2), essential for an immune response (See Figure 1.1; Schreiber and Crabtree, 1992; 
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Ho et al., 1996). Thus, the signaling cascade required for immune response is interrupted 

by the immunophilin-drug complex. However, these drug dependent functions of 

immunophilins have only clinical but no physiological relevance in mammalian cells. 

 

 

                                                       

 
Figure 1.1 Diagram showing mechanism of immunosuppression by cyclosporine A. (See paragraph 1 in 

section 1.2 for details), CsA, cyclosporine A; CYP, cyclophilin; NFAT, nuclear factor of activated T 

cells; P, phosphate; IL-2, interleukin 2. (Adapted from Stepkowski, 2000).   

 

 

1.3 Peptidyl Prolyl Isomerase Activity and Protein Folding 

  

 The dynamic nature of protein folding dictates most aspects of cellular life. Newly 

synthesized proteins must fold into a precise three-dimensional structure to carry out their 

biological functions, and in many instances chaperone proteins are needed to achieve the 

proper three-dimensional structure. Peptidyl-prolyl cis-trans isomerases (PPIase E.C. 

5.1.2.8) are enzymes with the capability to accelerate folding of proteins by catalyzing 

the interconversion of cis to trans isomers of peptide bonds with the amino acid proline 

(Fig. 1.2; Brands et al., 1975; Fischer et al., 1984; Fischer and Aumüller, 2003). 

Generally, the planar peptide bonds in proteins are mainly in the trans conformation, 

however, proline residues are distinct because they have a relatively high intrinsic 

probability of being in the cis conformation which is unfavorable and consequently a 

rate-limiting step for the folding of newly synthesized proteins or unfolding of proteins 

(Reimer and Fischer, 2002). Thus, the isomerization of peptidyl-proline bonds can serve 
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as a molecular switch by controlling the structure and function of pre-existing enzymes 

and proteins.    

 

 

   

 
Figure 1.2 Schematic diagram of a peptidyl prolyl-cis-trans bond isomerization by PPIase. 

  

  

 

 Apart from CYPs and FKBPs, parvulins are a third known family of PPIases, with 

no homologous sequence relationship to immunophilins, which is present in both 

eukaryotic and prokaryotic organisms (Fischer and Aumüller, 2003; not to be further 

discussed here). Additionally, despite the assignation of immunophilins as chaperone 

proteins due to their PPIase domains, studies suggest immunophilins can have chaperone 

activities separate from the PPIase activity (Barik, 2006). 

 

 

1.4 Immunophilins: Widespread Proteins  

 

 Since the discovery of FKBP12 and cyclophilin 18a (also known as cyclophilin 

A), the first immunophilins in mammalian cells, as targets for immunosuppressant drugs, 

biochemical and sequence analyses have led to the identification of a large number of 

immunophilin homologs in various organisms (Galat, 2003; Lücke and Wiwad, 2011). It 

becomes evident that immunophilins constitute a ubiquitous and highly conserved family 

of proteins present in both prokaryotic and eukaryotic organisms. The residues which 

comprise the PPIase domain/FK506 binding site of human FKBP12, the PPIase/CsA 

binding site of human Cyp18a, define, respectively, an “FKBP domain” and a 

“cyclophilin domain” that are remarkably conserved within the family members and 

across species(Galat, 2003). Due to the large number of members within the FKBPs and 

CYPs, a standardized nomenclature has been developed; the proteins are named by the 

initials of the organisms, for instance Hs, Homo sapiens, or At, Arabidopsis thaliana, 

followed by the domain name (either FKBP or CYP) and the predicted molecular weight 

in kilo Daltons. Interestingly, immunophilins often contain, in addition to the FKBP or 
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CYP domain, other accessory domains, such as tetratricopeptide repeats (TPR), WD40 

domains (a 40 amino-acid conserved sequence containing a Trp-Asp dipeptide at its C 

terminus), RNA binding domains, Leu-rich repeats, among others, which underlie 

structural and functional diversity within the protein family (Galat, 2003; He et al., 2004; 

Barik, 2006; Lücke and Wiwad, 2011). To further illustrate immunophilin functions 

across species, within the next few pages, a brief up-to-date review in bacteria, yeast, 

animals, and a more detailed emphasis on plants will be discussed. 

 

 

1.4.1 Bacteria Immunophilins 

 

 Several pathogenic bacteria possess immunophilin and immunophilin-like 

proteins, which have been found to play a role in virulence in a range of species, 

including the bacteria Legionella pneumophila (Cianciotto et al., 1989), Chlamydia 

trachomatis (Lundemose et al., 1993) and Neisseria gonorrhoeae (Leuzzi et al., 2005). 

For instance, the gene LpMip (L. pneumophila macrophage infectivity potentiator or 

LpFKBP25) encodes an FKBP protein required for the adhesion to collagen and its 

PPIase activity renders the extracellular matrix sensitive to serine protease which allows 

the invasion of the L. pneumophila through the epithelial barrier thus allowing efficient 

invasion of macrophages (Cianciotto et al., 1989; Köhler, 2003).  Interestingly, a recent 

study has shown that an FKBP in Burkholderia pseudomalle, in contrast to the previously 

described virulence-associated  FKBPs  of pathogenic bacteria, lacks characteristic 

PPIase activity in vitro, but is essential for intracellular replication and in vivo virulence 

of the pathogen (Norvile et al., 2011). In Escherichia coli, four FKBP-like proteins, 

varying from 16kDa to 29kDa, and two cyclophilins, one in the periplasm and the other 

in the cytoplasm, with molecular masses of 18 kDa and 19 kDa, have been identified 

(Hacker et al., 1993; Blattner et al., 1997). One of these E. coli FKBPs, a periplasmic 

protein designated as FkA, possesses chaperone activity and is essential for imported 

colicin M toxicity. Nevertheless, combinational mutations of the four FKBPs are not 

required for cell viability at least under laboratory conditions (Saul et al., 2004; Justice et 

al., 2005; Hullmann et al., 2008). Although prokaryotic cyclophilins have been found to 

be active enzymes in in vitro studies, limited work has been carried out to identify their in 

vivo cellular functions (Liu et al., 1990; Schmidt et al., 1996). For instance, the exported 

E. coli cyclophilin, EcCYP20-2, shows high in vitro folding capabilities, but no cellular 

function can be attributed so far (Kleerebezem et al., 1995). Although a diverse range of 

prokaryotes genomes encode immunophilins, only a few immunophilins have been 

isolated and studied; they are mainly targeting the bacterial cell surface and are involved 

in macrophage infection. More recent studies are emerging with evidence for broader 

functions such as involvement in stress tolerance (Sodeberg and Cianciotto, 2008; Obit et 

al., 2011; Roset et al., 2013).  
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1.4.2 Fungal Immunophilins 

 

 The genome of the budding yeast Saccharomyces cerevisiae encodes 12 

immunophilins including eight CYPs (CPRs) and four FKBPs (FPRs) (Dolinski et al., 

1997; Arevalo-Rodriguez et al., 2004). Although these immunophilins are localized to 

diverse cellular compartments such as ER, vacuole, nucleus, mitochondria, and cytosol; 

molecular and genetic studies show that either individually or in combination, these 

proteins are dispensable for viability of yeast cells (Dolinski et al., 1997). Nevertheless, 

further reports reveal that the cyclophilin Cpr1(localized to nucleus) plays a critical role 

in modulating the activity of histone-deacetylase complexes and is involved in regulation 

of meiosis (Arevalo-Rodriguez et al., 2000; Pijnappel et al., 2001; Arevalo-Rodriguez et 

al., 2005). Likewise, an FKBP Fpr1 has been reported to bind to the non-histone 

chromatin binding protein Hmo1p and may regulate its assembly or function (Dolinski et 

al., 1999). Additionally, the mitochondrial cyclophilin, Cpr3, is involved in protein 

refolding after import into mitochondria (Matouschek et al., 1995).  Cyclophilin Cpr7 has 

been established to work together with Hsp90 in transcriptionally regulating the heat 

shock response in S. cerevisiae (Duina et al., 1998). Hence, evidence is growing to 

support the notion that immunophilins play a diverse array of cellular functions in the 

yeast life cycle. 

 

 

1.4.3 Metazoan Immunophilins 

 

 Many immunophilin proteins contain both the PPIase and protein-protein 

interaction motifs, and/or motifs unique to each member of the family that are associated 

with subcellular compartmentalization and functional specialization (Galat, 2003). 

Remarkably as well, a large gene expansion of immunophilins in the metazoan genomes 

as compared to protozoans correlates with increased complexity in the organisms within 

this kingdom.  In the nematode Caenorhabditis elegans, eighteen separate CYPs and 

eight FBKPs are found while in the fruit fly Drosophila melanogaster, fourteen CYPs 

and eight FKBPs are present (Galat, 2003; Pemberton et al., 2005; Bell et al., 2006; 

Galat, 2012). The C. elegans immunophilins consist of members localized in the cytosol, 

secretory pathway organelles, and mitochondria (Bell et al., 2006).  A single domain 

cyclophilin (CYP-3) with a divergent loop motif is exclusively expressed in excretory 

cells at the larval stages of C. elegans. This protein is suggested to be involved in cellular 

responses to stress caused by changes in the redox environment or by up-regulation of 

cellular activity. While  the multi domain CYP-4, which contains a unique N-terminal 

and C-terminal extension, is involved in proper muscle protein folding and sexual 

differentiation of the hermaphrodite germ-line  (Page and Winter, 1998;  Belfiore et al., 

2004; Bell et al., 2006).  A well-studied CYP, ninaA, in D. melanogaster, is a membrane 

bound ER protein required for biogenesis of the light sensing rhodopsin (Rh1) protein.  

Studies have shown that PPIase activity of NinaA allows for proper Rh1 folding, and in 

addition, NinaA is involved as a chaperone, escorting Rh1 through the secretory pathway 
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from the endoplasmic reticulum to the photosensitive rhabdomeric membranes (Colley et 

al., 1991; Stamnes et al., 1991, Baker et al., 1994). A cytoplasmic FKBP (shutdown), 

previously reported to be required for fertility in Drosophila, has recently been shown to 

be a component of the piRNA (pathway that preserves the integrity of the gametic 

genome) biogenesis machinery (Munn and Steward, 2000; Preall et al., 2012). Another 

example is the ER targeted FKBP14 that has multiple functions in Drosophila in which 

loss of FKBP14 gives rise to specific defects in eye, bristle, and wing development. 

FKBP14 mutants genetically interact with components of the Notch signaling pathway, 

indicating that these phenotypes are associated, at least in part, with de-regulation of 

Notch signaling (van de Hoef et al., 2013). 

 

 

1.4.3.1 Human immunophilins 

 

 Cyclophilin A and FKBP12 were the first immunophilin members discovered in 

mammalian cells as they were the purified targets bound to CsA and FK506, respectively 

(Haendler et al., 1987; Fretz et al., 1991). Since this breakthrough, additional members 

and their drug-independent cellular functions have been identified. The human genome 

encodes seventeen CYPs and thirteen FKBPs. In general, high molecular weight 

immunophilins have a more complex architecture and are not related to the 

immunosuppression process, participating in a diversity of cellular functions (Lander et 

al., 2001).  The smaller single domain FKBP12 and FKBP12.6 proteins are the most 

comprehensively studied; FKBP12 and FKBP12.6 (also known as FKBP1A and 

FKBP1B, respectively) are essential subunits of the ryanodine receptor (RyR) Ca
2+

 

release channel in the sarcoplasmic reticulum. Aberrant RyR2–FKBP12.6 interactions 

have been proposed to be the underlying cause of channel dysfunction in acquired and 

inherited cardiac disease (Jayaraman et al., 1992; Timerman et al., 1993; Zissimopoulos 

et al., 2012). While another well studied pair of homologous immunophilins is the larger 

multi-domain FKBP51 and FKBP52. Both of these proteins possess double FKBP 

domains at their N-terminal half and additional TPR repeats at their C-terminal half, 

however, three-dimensional crystallographic structures reveal differences in the domain-

domain orientations (Riggs et al., 2007; Schulke et al., 2010). FKBP51 and FKBP52 are 

implicated in steroid receptor-mediated signaling by binding to Hsp90 through the C-

terminal TPR domains, although the two FKBPs play opposite roles in this complex 

(Cioffi et al., 2011; Galigniana et al., 2012).  The above is just a few examples of ever 

expanding array of diverse functions of immunophilins in mammalian systems. 

 

 

1.5 Discovery of Plant Immunophilins 

  

 In the early 1990’s, the discovery of plant immunophilins at the molecular level 

was pioneered by Gasser et al. (1990) by means of cDNA cloning of the first cyclophilin 

gene sequences from tomato (Lycopersicon esculentum), maize (Zea Mays) and oilseed 
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rape (Brassica napus). In addition to high degree of conservation of these plant proteins 

compared to their mammalian counterparts, it was shown that the tomato CYP, expressed 

and purified from in E. coli, had PPIase activity. Around the same time, Luan et al 

utilized CsA and FK506 affinity column to purify both CYPs and FKBPs from fava bean 

and maize (Luan et al., 1994a) and subsequently cloned the genes encoding several 

immunophilins (Luan et al., 1994b; Luan et al., 1996). In the past decade, sequence 

analyses following a number of genome sequencing projects, have allowed for molecular 

identification of immunophilins in a number of higher plants (He at al., 2004; Vallon, 

2005; Ahn et al., 2010; Yu et al., 2012, Wang et al., 2012). In recent years, a number of 

researchers have carried out valuable functional characterizations of individual 

immunophilins, but comprehensive identification and genome-wide analysis of all 

immunophilins in a specific higher plant species had only been carried out in Arabidopsis 

thaliana a dicot, and more recently in a monocot; rice, Oryza sativa japonica nipponbare 

(He et al., 2004; Ahn et al., 2010).  The Arabidopsis genome encodes 23 FKBPs isoforms 

and 29 CYP isoforms, whereas the Oryza genome encodes 29 FKBPs isoforms and 27 

CYP isoforms (He et al., 2004; Ahn et al., 2010). Classification and complete 

phylogenetic analyses have served as a strong base for subsequent functional 

characterization of plant immunophilins, especially in Arabidopsis due to its rich genetic 

resources. Interestingly, mining of the unicellular green alga Chalamydomonas 

reinhardtii genome, uncovered 23 genes encoding FKBP isoforms and 25 genes encoding 

CYP isoforms, which is comparable in number to vascular plants such as Arabidopsis and 

Oryza. In addition, it appears that the immunophilin expansion in the green lineage 

occurred following divergence of red and green algae (Vallon, 2005). Consequently, the 

genome sequencing of green organisms has shed light on the large number of protein 

members within the immunophilin superfamily, which are not only varied in form and 

function but also cellular locations. 

 

 

1.5.1 Cyclophilins 

  

 The Arabidopsis cyclophilin family is composed of 29 members which can be sub-

grouped into two major classes; single-domain and multi-domain members. Single 

domain cyclophilins are characterized by possessing only their conserved CYP domain 

(PPIase domain), whereas multiple-domain cyclophilins possess additional unique 

domains besides their characteristic CYP domain (Romano et al., 2004). The single 

domain class is further categorized by having nine members targeted to the cytoplasm, 

five to the secretory pathway, five to the chloroplast and two to mitochondria (Table 1.1; 

Romano et al., 2004). Although most of the subcellular locations of these proteins await 

experimental corroboration, studies have confirmed some of these predictions, especially 

for the chloroplast localized proteins (Lippuner et al., 1994; Peltier et al., 2002; Schubert 

et al., 2002; Edvardsson et al., 2003). The first confirmation was for AtCYP20-3 when it 

was shown by in-vitro import assays to be localized in the chloroplast stroma (Lippuner 

et al., 1994).  AtCYP20-2 has been isolated from both luminal and thylakoid membranes 
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fractions (Peltier et al., 2002; Schubert et al., 2002; Edvardsson et al., 2003). Three other 

cyclophilins, including AtCYP37, AtCYP26-2, and AtCYP38, have been shown to be in 

the thylakoid lumen by proteomic studies (Peltier et al., 2002; Schubert et al., 2002). 

 Eight Arabidopsis genes encode multi-domain cyclophilins; one targeted to the 

chloroplast thylakoid lumen, three to the cytosol, and four to the nucleus (Table 1.1; 

Romano et al., 2004).The thylakoid lumenal AtCYP38 is composed of an N-terminal 

leucine zipper domain, a central acidic region and the C-terminal CYP domain (PPIase), 

although recent studies have shown it is not an active PPIase (Vasudevan et al., 2012). 

The cytosolic AtCYP40 is featured with three C-terminal tetratricopeptide repeats (TPRs) 

and a conserved CYP domain. While the two other cytosolic (AtCYP57, AtCYP59), and 

two nuclear cyclophilins (AtCYP63, AtCYP95) possess motifs characteristic of RNA-

interacting proteins, such as the RNA binding domain (RRM), the Glu-Lys (EK) domain, 

and Arg/Ser (RS)-rich domain, suggesting their potential involvement in regulation of 

RNA processing (Romano et al., 2004).  Interestingly, another nuclear cyclophilin, 

AtCYP71 bears two N-terminal WD40 repeats which are motifs known to be present in 

all eukaryotes with basic functions such as signal transduction and transcription 

regulation. In Arabidopsis CYP71 has been shown to be involved in regulation of gene 

repression and organogenesis (Li et al., 2007). On the other hand, the nuclear AtCYP65 

contains a U-box domain near its N-terminus. The U-box is a highly conserved domain 

classified as an ubiquitin ligase (E3s) and found in proteins from yeast to humans 

(Hatakeyama et al., 2001). Cyp-60, a nuclear localized human homolog of AtCYP65, has 

been shown to interact with the proteinase inhibitor eglin c and exhibits E3 activity 

(Wang et al., 1996). 

 

 
Table 1.1 List of all Arabidopsis single and multi-domain immunophilins and subcellular localization.  
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1.5.2 FKBPs 

 

 Twenty-two FKBPs are encoded in the Arabidopsis genome; consisting of sixteen 

single domain and six multi-domain members (He et al., 2004). Like the cyclophilin 

family, FKBPs are also targeted to various cellular compartments; two to the secretory 

pathway, three to the cytosol, six to the nucleus, and eleven to the chloroplast (Table 1.1; 

He et al., 2004).  All chloroplast-targeted FKBPs contain typical thylakoid lumen transit 

peptides featured with double Arg residues followed by a hydrophobic region common to 

luminal proteins translocated via the ΔpH-dependent pathway. It has been corroborated 

that AtFKBP13 protein is synthesized and imported into the chloroplast in a precursor 

form and then translocated across the thylakoid membrane by the ΔpH-dependent 

pathway (Gupta et al., 2002).  The ER-localized FKBP15-1 and 15-2, both have a 25-

amino acid signal peptide at the N terminus and a typical ER retention signal at the C 

terminus (He et al., 2004). Moreover, four of the six multi-domain FKBPs are 

characteristic of having a single (AtFKBP42) or triple (AtFKBP62, -65, -72) FKBP 

domain (s), a TPR domain, and a putative calmodulin-binding domain (He et al., 2004). 

Interestingly, these two multi-FKBP domain resemble the mammalian FKBP51 and 

FKBP52, which possess two FKBP domains and are involved in steroid mediated 

signaling (Schulke et al., 2010, discussed in section 1.4.3.1).  

 

 

1.6 Biological Functions of Plant Immunophilins  

 

 In addition to the diversity in subcellular localization, functional characterization 

of plant immunophilins indicate they are involved in an array of functions as well. 

Although the majority of these proteins in plants remain to be characterized, current 

reports show involvement in regulation of gene expression, heat stress, chloroplast 

protein-complex biosynthesis among others (Lima et al., 2006; Fu et al., 2007; Bissoli et 

al., 2012; Karali et al., 2012; Trumpkin, 2012; Bannikova et al., 2013). Some of the 

specific functions of well-studied immunophilins are presented next. 

 

 

1.6.1 Epigenetic Regulation of Transcription and Gene Silencing. 

 

 Post-translational gene silencing (PTGS) is a conserved eukaryotic gene 

regulatory mechanism that is important for a variety of biological processes such as 

development, stress response, and defense (Yu and Kumar, 2003). AtCYP40, a multi-

domain cyclophilin conserved among eukaryotes, consist of N-terminal CYP domain and 

a C-terminal tetratricopeptide repeats (TPR) triplet separated by two putative nuclear 

targeting signals, has been linked to PTGS in Arabidopsis (Iki et al., 2012).  Atcyp40 

(also known as squint, sqn) knock out mutants show reduced leaf number and alteration 

in leaf morphology associated to reduced microRNA activity (Berardini et al., 2001). 

Specifically, the mutant phenotype is largely attributed to elevated expression of 
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microRNA regulated genes as a result of decrease activity of ARGONAUTE1, AGO1, 

which is involved in miRNA-directed gene repression in Arabidopsis (Baumberger. 

2005; Smith et al., 2009; Early et al., 2010). Like the mammalian CYP40, plant CYP40 

interacts with HSP90 through the TPR domains and this interaction is indispensable for 

AtCYP40 function in planta (Earley and Poethig, 2011).  More recently, using extracts of 

evacuolated tobacco protoplasts, investigators showed that CYP40 and other TPR 

containing proteins associate with AGO1 in an HSP90-dependent manner (Iki et al., 

2012). Explicitly, they showed that CYP40 facilitates HSP90-mediated RISC (RNA-

induced silencing complex) assembly in plants by promoting or stabilizing the binding of 

small RNA duplexes to AGO1 (Iki et al., 2012). Both CYP and TPR domains of CYP40 

were shown to be required for assembly of the RISC complex. Thus, these results suggest 

that CYP40 in combination with HSP90 and AGO1 plays a key role in RISC assembly in 

plants. 

 In another example, Arabidopsis cyp71 mutant plants exhibit defective 

morphology and development of lateral organs, defective shoot apical meristem, altered 

flower morphology, and arrested root growth among other pleiotropic defects (Li et al., 

2007).  The nuclear-localized AtCYP71 is made up of four WD40 repeats at the N-

terminal region and a CYP domain at the C-terminal region (He et al., 2004).  The drastic 

phenotypes observed in this cyclophilin mutant are correlated with the important role of 

CYP71 in the regulation of epigenetic gene silencing and organogenesis. CYP71 directly 

associates with chromatin histone H3 and mediates methylation of H3K7 at the locus of 

some regulatory genes, such as KNAT1 and STM that are known to regulate meristem 

activity and organogenesis in Arabidopsis (Li et al., 2007). Hence, these results indicated 

that CYP71 targets histone H3 through the WD40 repeat domain and may modulate 

histone structure by the protein foldase (CYP) domain. Chromatin, composed of histones 

and DNA, is the primary carrier of epigenetic information in higher eukaryotes, and 

further analysis of CYP71 function has been reported to be connected to chromatin 

assembly and histone modification in Arabidopsis (Li and Luan, 2011). CYP71 can 

genetically and physically interact with LHP1, a histone modification protein. Double 

mutants of these two genes results in a stronger phenotype, compared to single mutants 

(either cyp71 or lhp1), causing sterility and lethality under normal conditions. 

Additionally, CYP71 was identified as partner of CAF-1 (Chromatin Assembly Factor-

1); a trimeric complex functioning in nucleosome assembly pathway in plants (Li and 

Luan, 2011). Likewise, another immunophilin nuclear protein, AtFKBP53 has been 

identified as a new histone chaperone in plants that functions in chromatin remodeling 

and regulation of transcription as well (Li et al., 2010). Thus, immunophilin proteins are 

surging as key players in regulation of gene expression through epigenetic mechanisms. 
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1.6.2 Plant Stress Responses 

 

 The Arabidopsis multi-domain AtFKBP62 (ROF1) and AtFKBP65 (ROF2) 

proteins, share similar domain structure and high sequence identity. Both of these 

proteins are composed of triple FKBP domains, a TPR domain, and a calmodulin-binding 

domain (He et al., 2004). Although ROF1 and ROF2 are highly similar, studies show that 

both proteins are involved in long term acquired thermotolerance through different 

mechanisms (Meiri and Breiman, 2009; Meire et al., 2010). An initial study showed that 

ROF1 and ROF2 were heat-stress induced although differentially regulated (Aviezer-

Hagai et al., 2007). Interestingly, Arabidopsis rof1 mutants collapse after 24-48 hour 

between acclimation at 37 
ᵒ
C and exposure to 45 

ᵒ
C (Meiri and Breiman, 2009). Under 

normal conditions, ROF1 binds to heat shock proteins HSP90.1 via its TPR domain, and 

localizes to the cytoplasm. In plants exposed to heat stress, the ROF1-SHP90.1 complex 

transfers to the nucleus,  dependent upon the presence of the heat stress transcription 

factor HsfA2, which interacts with HSP90.1 but not with ROF1 (Meiri and Breiman, 

2009). In the rof1 mutants the expression of small heat shock proteins (HSPs) regulated 

by HsfA2 was dramatically reduced suggesting ROF1 is involved in prolongation of 

thermotolerance by sustaining the levels of small HSPs essential for survival at high 

temperature (Meiri and Breiman, 2009). Similarly, ROF2 is a heat stress protein but rof2 

mutant plants are resistant to heat stress and small heat shock proteins are highly express 

contrary to what was observed in ROF1 mutants (Meiri et al., 2010). Further study 

showed that ROF2 transcription is controlled by HsfA2, which is also necessary for 

maintaining high levels of ROF2 during recovery from heat stress. ROF2 localized to the 

nucleus, but contrary to ROF1, translocation to the nucleus is independent of the presence 

of HSP90.1 or HsfA2 (Meri et al., 2010). In conclusion, these studies indicate that these 

two proteins have antagonistic functions; ROF1 contributes to the transcription activity of 

HsfA2 but ROF2, in the presence of ROF1, abolishes this activity. Equally, the 

mammalian FKBP51/FKBP52 orthologues of ROF1/ROF2 have been shown to have 

antagonist functions in steroid receptor-mediated signaling (discussed in section 1.4.3.1). 

Recent studies have also implicated ROF2 in modulation of intracellular pH homeostasis 

in Arabidopsis whereas ROF1 has been reported to play an important role in osmotic/salt 

stress responses in germination of Arabidopsis seedlings through its interaction with a 

phosphatidylinositol-phosphate protein (Bissoli et al., 2012; Karali et al., 2012). ROF1 

and ROF2 hint to the tangible multifunction carried out by immunophilins depending of 

different stress conditions and plant developmental stages.  

 

 

1.6.3 Plant Hormone Signaling 

 

 Like other multicellular organisms, plants use long-range signaling to 

communicate between distant organs and to coordinate overall growth. A number of plant 

hormones such as auxin, ethylene and brassinosteroids (BR), among others, have been 

implicated in various aspects of growth regulation.  Mutants defective in hormone 
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synthesis, perception, or response often show drastic changes in their appearance and in 

growth habits (Haubrick, 2006; Forestan, 2012; Rodrigues, 2012). AtFKBP42 was first 

identified through genetic screening and subsequent map-based cloning of Arabidopsis 

mutants twisted dwarf 1 (twd1) and ultracurvata 2 (ucu2), which show a number of 

pleiotropic defects such as reduced height and disoriented growth of all organs, but 

develop fertile flowers and seeds (Geisler et al., 2003, Perez-Perez et al., 2004). Genetic 

and molecular analysis of the twd1/ucu2 mutant indicated that FKBP42 is involved in the 

auxin and brassinosteroid (BR) signaling pathways (Perez-Perez 2004). By genetic 

manipulation of TWD1 expression, it has been recently shown that TWD1 affects 

shootward root auxin reflux and, thus, downstream developmental traits, such as 

epidermal twisting and gravitropism of the root (Wang et al., 2013). Importantly, via its 

inactive FKBP domain, the FKBP42 protein physically interact with the multidrug 

resistance/P-glycoprotein (PGP) ATP-binding cassette (ABC) transporters PGP1 and 

PGP19 that can mediate export of the plant hormone auxin (Geisler et al., 2003). The 

pgp1 pgp19 double mutant phenocopies developmental defects of twd1, suggesting that 

TWD1 plays a positive regulatory role in PGP-mediated auxin transport, which controls 

plant growth and development (Geisler et al., 2003; Wu et al., 2010). Indeed, further 

biochemical studies consolidated that FKBP42 modulates auxin efflux activities of PGP1 

and PGP19 at the cellular and whole plant levels (Bouchard et al., 2006). In addition to 

the regulation of the transporting activity, FKBP42 appear to be also important for proper 

targeting of PGP1/19 transporters towards the plasma membrane (PM). Mutations in 

TWD1 caused ER retention of PGP1/ABCB1, PGP19/ABCB19 as well as ABCB4. Thus, 

mis-localized auxin transporters probably result in abnormal spread of auxin signaling 

into the elongation zone of twd1 roots that ultimately causes the twisted cell files featured 

in the twd1 mutant roots (Wu et al., 2010). Recently, it has also been suggested that 

TWD1 co-localizes and interacts with PGP1/ABCB1 on specific lateral PM domains of 

epidermal cell files, which is critical for the reversal of apoplastic reflux and separation 

of basal and apical auxin streams in the roots (Wang et al., 2013). Interestingly, besides 

PM-anchored PGP transporters, vacuolar ABC transporters AtMRP1 and its close 

homologue AtMRP2 were also shown to physically and functionally interact with 

FKBP42 via the C-terminal tetratricopeptide repeat domain (Geisler et al., 2004). In 

summary, it seems that FKBP42 targets membrane transporters in plants to fulfill its 

essential function in regulation of auxin-mediated plant growth and development.  

 Another hormone related immunophilin is AtCYP18-3, also referred to as ROC1.  

ROC1 has been recently shown to link phytochrome and cryptochrome to BR sensitivity 

(Trupkin et al., 2012). Phytochromes (red light receptors) and cryptochromes (UV-

A/Blue light receptors) are photoreceptors that regulate hypocotyl growth under specific 

conditions, by suppressing negative gravitropism, modulating phototropism and 

inhibiting elongation (Quail, 2005; Yu et al., 2010).  Partial loss-of-function of the 

cytosolic single domain cyclophilin/ROC1 mutants exhibit long hypocotyls under blue 

and under far-red light with specific defects in phytochrome A and cryptochrome 1. 

Consistently, other seedling phenotypes such as cotyledon unfolding under red light, 

anthocyanin accumulation, block of greening, cotyledon expansion, were opposite in 
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gain- and loss-of function mutants (Trupkin et al., 2012). BR and light signaling converge 

to control several aspects of plant growth and development. This study further showed 

that mutations at BR signaling genes, such as the transcription factor BES1, and BR 

synthesis inhibitors eliminated the roc1 mutant phenotype (Trupkin et al., 2012). 

Specifically, roc1 mutant had altered patterns of phosphorylation of BES1, a known point 

of control of sensitivity to BR, correlated with altered expression levels of genes targeted 

by BES1. Hence, this suggests that ROC1 expression is partially enhanced by 

phytochromes and cryptochromes, and in turn ROC1 decreases abundance of partially 

phosphorylated form of BES1, therefore reducing sensitivity to BR.  Furthermore, in a 

recent gain-of-function roc1 mutant, the plants exhibited reduced stem elongation and 

increased shoot branching, with these phenotypes strongly affected by temperature and 

photoperiod (Ma et al., 2013).  In this study, although roc1 mutation did not interfere 

with gibberellic acid (GA) biosynthesis or signaling, GA antagonized roc1 mutation on 

stem elongation (Ma et al., 2013). Thus, taken together these two mentioned studies, 

AtCYP18-3 may be involved not only in brassionosteroid signaling but also indirectly 

involved in other hormone related networks such as gibberellic acid. 

 

 

1.7 The Immunophilins in the Chloroplast  

 

 

 
 

Figure 1.3 Schematic diagram of photosynthesis and organization of the chloroplast within the plant cell. 

This organelle is composed of an outer and inner envelope, a soluble stroma space (carbon reactions), and 

thylakoid membranes (light reactions) surrounding the thylakoid lumen. 
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 The chloroplast is the characteristic organelle of plants and green algae, which 

allows these organisms to capture sunlight energy to generate organic compounds from 

inorganic compounds via photosynthesis, a key aspect of life on earth. The light-

dependent reactions take place in the thylakoid membranes and light-independent 

reactions (carbon fixation) take place in the stroma (Fig. 1.3). Besides these two 

partitions, the chloroplast is surrounded by an outer envelope and an inner envelope 

enclosing an intermembrane space mainly involved in intracellular communication 

(Rochaix, 2011).  About 2,500 to 3,000 proteins are believed to be housed in the 

chloroplasts, the vast majority of which are nucleus-encoded, synthesized in precursor 

form in the cytosol, and translocated into the chloroplast post-translationally (Leister, 

2003; Richly and Leister 2004; Armbruster et al., 2011). In addition to photosynthesis, 

chloroplasts are responsible for a number of essential functions, such as lipid metabolism, 

starch and amino acid biosynthesis, assimilation of ammonia into amino acids, assembly 

of iron-sulphur complexes, among others (Balk and Lobreaux, 2005; Finkemeier and 

Leister, 2010; Spetea, 2012).  Not long ago, it was thought that the narrow aqueous space 

within the thylakoid membranes, the thylakoid lumen, only function was to serve as a 

sink for protons (H
+
) generated during the light-dependent reactions (Fig. 1.3). However, 

now with the era of proteomics, studies estimate that about 100 proteins localize to this 

compartment (Schubert et al., 2002; Peltier et al., 2002). Proteins in the thylakoid lumen, 

in addition to well-document functions such as photosynthetic and linear electron 

transfer, are now emerging to be involved in protein folding, proteolysis, nucleotide 

metabolism, photoprotection, redox signaling, and Ca
2+

 signaling (Gupta et al., 2002; 

Komenda et al., 2008; Pesaresi et al., 2009; Yin et al., 2010; Armbruster et al., 2011; 

Spetea, 2012). All these functions are evidence to the complex environment in the 

thylakoid lumen. However, knowledge of the functional networks of luminal proteins is 

still in its infancy, especially when many luminal proteins remain to be functionally 

characterized. 

 Immunophilins are a significant component of the chloroplast proteome. 

Remarkably, in Arabidopsis, seventeen immunophilins (six cyclophilins and eleven 

FKBPs) are in the chloroplast and all, with exception of one, are predicted to reside  in 

the thylakoid lumen suggesting that such large numbers of proteins may play essential 

functions in this compartment ( He et al., 2004, Romano et al., 2004; Edvardsson et al., 

2007).  Evidence is increasing for immunophilin involvement in proper folding and 

assembly of photosynthetic super-complexes (detailed discussion in chapter 2; Lima et 

al., 2006; Fu et al., 2007).  Thus, although the photosynthetic multi-protein complexes 

composition, structure and function are known, the mixture of assembly and maintenance 

factors is still being determined. Understanding of the intricate biogenesis, maintenance, 

and controlled turnover of these photosynthetic complexes is a significant aspect of the 

present chloroplast research. 

 

1.8 Aims of Thesis 

 

 The work of this thesis was based on the knowledge that the immunophilin family  
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is one of the predominant groups identified in the thylakoid lumen but most of these 

proteins were not functionally characterized. It was with this idea on structural diversity, 

subcellular localization, and specialized function that I aimed at further elucidating 

functionality of immunophilin proteins in the Arabidopsis chloroplast thylakoid lumen, 

specifically: 

 

 Phylogenetic and Evolutionary analyses of  chloroplast immunophilins across 

species using representative members from  cyanobacteria to higher plant (Chapter 

II) 

 

 Using reverse genetics and biochemical approaches to functionally characterize 

Arabidopsis chloroplast thylakoid lumen immunophilins: Cyclophilin 37, 

Cyclophilin 28 and FKBP20-2/FKBP16-3 (Chapter III). 
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CHAPTER 2 
 

EVOLUTIONIONARY RELATIONSHIPS OF CHLOROPLAST 

IMMUNOPHILINS FROM ALGAE TO HIGHER PLANTS 
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2.1 Functions of Chloroplast Immunophilins 

 

 

 

 
Figure 2.1 Schematic presentation of the photosynthetic electron transport chain. The four main 

membrane complexes involved in photosynthesis are illustrated. Photosystem II, PSII; Cytochrome b6f, 

Cyt b6f; Photosystem I, PSI; and ATP synthase, ATPase. Transfer of electrons is indicated by solid lines. 

 

  

 

 Photosystem II (PSII), photosystem I (PSI), the cytochrome b6f complex (cyt b6f), 

and the proton translocation ATP synthase (ATPase) are the four photosynthetic 

complexes embedded in the thylakoid membrane functioning in the primary reactions of 

photosynthesis (Buchanan et al., 2000).  Although these photosynthetic protein 

complexes are well characterized in terms of their functions, their assembly and 

maintenance have remained relatively unresolved (Rochaix 2011; Chi et al., 2012). As 

discussed in Chapter I of this thesis, immunophilins are a large and diverse protein 

family, which are generally present in all subcellular compartments in plants. They are 

involved in various cellular processes such as epigenetic regulation of transcription and 

gene silencing, plant stress responses and plant hormone signaling (Chapter I section 

1.6). Nevertheless, an intriguing feature of this large immunophilin family is the large 

number of isoforms that are located in the chloroplast (He et al., 2004).  In Arabidopsis, 5 

cyclophilins and 11 FKBPs are predicted to reside in the thylakoid lumen in addition to 

one cyclophilin residing in the stroma. The only known stromal immunophilin, 

AtCYP20-3, has been associated with photosynthetic electron transport and redox signals 

in order to regulate the cysteine-based thiol biosynthesis pathway in response to light and 

oxidative stress (Dominguez-Solis et al., 2008). Of the 16 immunophilins in the lumen, 

only AtCYP20-2 and AtFKBP13 have been confirmed as active PPIases (Edvardsson et 
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al., 2003; Edvardsson et al., 2007), and functional characterization has been carried out 

for only three FKBPs (AtFKBP13, AtFKBP16-2, andAtFKBP20-2) and two cyclophilins 

(AtCYP20-2 and AtCYP38) so far, as discussed hereafter. 

 

 

 2.1.1 AtCYP38 and AtFKBP20-2 Function in PSII Assembly 

 

 PSII catalyzes the first set of photosynthetic reactions, including the oxidation of 

water and production of molecular oxygen and reducing equivalents. This multi-protein 

complex exists mainly in the dimeric form, with each monomer containing about 30 

subunits (Buchanan et al., 2000; Rochaix, 2011). The PSII complex is particularly prone 

to photo-oxidative damage, and as a result, it is continually impaired and needs to be 

repaired. It has been shown that both AtFKBP20-2 and AtCYP38 play a role in the 

assembly of PSII (Lima et al., 2006; Fu et al., 2007; Sirpio et al., 2008). The redox-active 

AtFKBP20-2 has been found to be required for the accumulation of PSII super-

complexes (Lima et al., 2006). fkbp20-2 mutant plants exhibit reduced plant growth, 

consistent with the reported lower rate of PSII activity. However, the mechanism of how 

FKBP20-2 function in maintaining PSII remains to be determined (Lima et al., 2006). 

Likewise, AtCYP38, a multi-domain cyclophilin which does not possess PPIase activity, 

plays a critical role in the assembly and maintenance of PSII as well (Fu et al., 2007; 

Sirpio et al., 2008; Vasudevan et al., 2012). Mutant Arabidopsis plants missing CYP38 

are stunted in growth and hypersensitive to light. A further investigation into the 

molecular compositions of photosynthetic complexes reveals that the mutant fails to 

accumulate the PSII supercomplex (Fu et al., 2007; Sirpio et al., 2008). Studies suggest 

that CYP38 assists the proper folding and insertion of D1 and CP43 into the PSII 

complex and in addition plays a role in the correct assembly of the oxygen evolving 

complex (Vasudevan et al., 2012). Intriguingly, the AtCYP38 ortholog in spinach, 

TLP40, regulates the activity of a PSII-specific protein phosphatase within the thylakoid 

membrane (Vener et al., 1999; Rokka et al., 2000).  

 

 

  2.1.2 AtFKBP13 is Associated with Cytb6f Complex 

 

 The cytb6f complex in the thylakoid membranes functions as a plastoquinol–

plastocyanin oxidoreductase that links PSII and PSI. In addition to some small subunits, 

the cytb6f is composed of four major subunits: cytf, cyt b6, Rieske-FeS (Iron Sulfur) and 

PetD (Buchanan et al., 2000; Rochaix, 2011).  The redox regulated AtFKBP13, has been 

reported to interact with the Rieske protein and affect its accumulation in the cytochrome 

b6f complex (Buchanan and Luan, 2005; Gupta et al., 2002; Gopalan et al., 2004; 

Edvardsson et al., 2007). Silencing of the AtFKBP13 gene in Arabidopsis altered the 

accumulation of the Rieske protein, suggesting that AtFKBP13 regulates import or 

assembly of the Rieske protein (Gupta et al. 2002). A recent independent study in wheat 

has also shown that FKBP13 interacts with the Rieske protein (Gollan et al., 2011). 
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Although, it was initially proposed that FKBP13 regulates assembly of the Rieske protein 

during its translocation to the thylakoid lumen by interaction of pre-cursor AtFKBP13, 

recent findings contradict such suggestion and the mechanism of the FKBP13-Rieske 

interactions remains unresolved (Gupta et al., 2004; Ingelsson et al., 2009; Gollan et al., 

2011). On the other hand, AtFKBP13 is the only chloroplast FKBP protein to possess 

PPIase activity (Shapiguzov et al., 2006). However, a recent study found that 

immunophilin PPIase activity is a dispensable function, thus suggesting that the functions 

of immunophilins in the thylakoid are not directly related to their PPIase capacity 

(Ingelsson et al., 2009).  

 

 

  2.1.3 AtCYP20-2 and AtFKBP16-2 are Linked to Photosystem I and 

NAD(P)H Dehydrogenase 

 

 In addition to the previously mentioned photosynthetic complexes, higher plants 

also contain a low abundance protein complex known as the NAD(P)H dehydrogenase 

(NDH) complex in the thylakoid membrane. This NDH complex functions in PSI cyclic 

electron flow and chlororespiration (Rumeau et al., 2007). The linear electron transport 

mediated by PSII and PSI produces both ATP and NADPH, whereas PSI cyclic electron 

transport preferentially contributes to ATP synthesis without the accumulation of 

NADPH.  In brief, NDH recycles electrons from ferredoxin  to plastoquinone and 

subsequently to PSI through the cytochrome (Cyt) b6f complex. Although this is a 

secondary process compared to the linear electron flow, evidence indicates that 

chloroplast NDH is required to alleviate stromal over-reduction under stress conditions 

(Munekage et al., 2004). Both AtCYP20-2 (PnsL5, photosynthetic NDH subunit of 

lumenal location) and AtFKBP16-2(PnsL4), were shown to be associated with the 

lumenal subcomplex of the NDH complex, stabilizing the interaction between NDH and 

PSI (Penget al., 2009, Sirpio et al., 2009). AtCYP20-2 is a single domain cyclophilin that 

is regulated by light (Romano et al., 2004). This cyclophilin is found to be strongly 

reduced in ndh mutants that are deficient in the NDH membrane domain (Sirpio et al., 

2009). AtCYP20-2 is detected in NDH–PSI supercomplex, consistent with the findings 

that CYP20-2 co-localizes with NDH–PSI on Blue native gels, and co-migrates with 

NDH subunits as well (Majeran et al., 2008; Sirpio et al., 2009; Peng et al., 2009). 

AtCYP20-2 protein is the only luminal cyclophilin in Arabidopsis shown to possess 

PPIase activity in vitro, but it remains unclear whether PPIase activity is involved in the 

CYP20-2 association with NDH in plants (Edvardsson et al., 2003; Shapiguzov et al., 

2006). Nevertheless, plants lacking AtCYP20-2 do not lead to severe malfunction of 

NDH, indicating potential redundancy in the function of luminal immunophilins. 

Similarly, AtFKBP16-2, a single domain FKBP, has been shown that in RNAi knock-

down plants, the mutant plants lacking FKBP16-2 are defective in the accumulation of 

the NDH complex (Peng et al., 2009). Additionally it has been shown that FKBP16-2 is 

absent in some NDH mutants. Thus, although the specific mechanism of these two 
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immunophilins and NDH association are not yet determined, it is possible they are 

involved in protein folding and/or in complex assembly. 

 

 

 2.1.4 Aims in this Chapter 

 

 Immunophilins play key roles in the chloroplast and it is of relevance to 

understand their evolutionary trajectory within photosynthetic organisms. Although 

genome-wide analyses have been carried out in some plants such as Arabidopsis and rice, 

an evolutionary investigation of chloroplast immunophilins in the green lineage is still 

lacking. The goal of this chapter is to focus on the evolutionary aspect of chloroplast 

immunophilins from algae to higher plants. Specifically, this work analyzes 

immunophilin proteins in cyanobacteria (Synechocystis sp. PCC 6803), and those in the 

chloroplast of green algae (Chlamydomonas reinhardtii), moss (Physcomitrella patens), 

lycophyte (Selaginella moellendorffii), monocots (Oryza sativa and Zea mays) and dicots 

(Arabidopsis thaliana and Populus trichocarpa). 

 

 

2.2 Results and Discussion 

 

 

 2.2.1 Identification and Nomenclature of Chloroplast Immunophilins 

 

 An increasing number of available full-genome sequences of plant species have 

enabled us to further address the conservation and evolution of chloroplast 

immunophilins. In an attempt to gain insights into their distribution among different 

photosynthetic organisms, we searched the sequenced genomes of representative 

organisms across the evolutionary spectrum; from algae to higher plants. Also, we 

included the cyanobacterium, synechocystis sp strain PCC6803, to address the ancestral 

relationships within different orthologs. Although several sequenced genomes are 

currently available, we selected photosynthetic species that are well known or that are 

used as model systems throughout plant biology. The unicellular green alga, 

chlamydomonas reinhardtii, is a single-cell organism which for more than a decade has 

served as a model system for studying photosynthesis among other basic cellular 

processes (Nield et al., 2004). More recently, the moss Phycometrilla patents has 

emerged as a powerful genetically tractable model plant system as well (Prigge and 

Bezanilla, 2010). Mosses such as P. patens occupy a key evolutionary position halfway 

between green algae and flowering plants. While the lycophyte, Selaginella 

moellendorffii, is a member of one of the oldest lineages of vascular plants (Banks et al., 

2012). In addition to lower plants, we investigated the relationship of immunophilins 

among higher plants. The well-known monocots, maize (Zea Mays) and rice (Oryza 

zativa) were included, in addition to dicot plants; poplar (Populus trichocarpa) and 

Arabidopsis (Arabidopsis thaliana). 
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 To identify members of the immunophilin family targeted to the chloroplast in 

different organisms, multiple blast searches against Arabidopsis chloroplast 

immunophilins were conducted in customized databases. To circumvent missing any 

possible candidates that cannot result from sequence blast, we subsequently collected all 

the immunophilins regardless of subcellular localization in those organisms. And based 

on the analysis by ChloroP software, we selected only chloroplast-targeted proteins for 

further evaluation. Together, fifty CYPs and seventy-three FKBPs were found among the 

different species studied (Table 2.1 and Table 2.2). Specifically, a total of two (0 FKBPs, 

2 CYPs) immunophilins were found in the cyanobacterium, sixteen (10 FKBPs and 6 

CYPs) in the green alga, nineteen (10 FKBPs and 9 CYPs) in the moss, fifteen (10 

FKBPs and 5 CYPs) in the lycophyte, seventeen (10 FKBPs and 7 CYPs) in rice, nine- 

 
Table 2.1 Chloroplast cyclophilins present in the cyanobacterium (Synechocystis sp. PCC6803), green 

alga (C. reinhardtii), moss (P. patens), lycophyte (S. moellendorffii), rice (O. sativa), poplar (P. 

trichocarpa), maize (Z. mays) and Arabidopsis (A. thaliana). 

 
a, full length amino acid sequence; b, percent identity to Arabidopsis orthologs. *identity to more than one 

cyclophilin. 
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Table 2.2 Chloroplast FKBPs present in the green alga, moss, lycophyte, rice, poplar, maize and 

Arabidopsis. 

 
a, full length amino acid sequence; b, percent identity to Arabidopsis orthologs.  Note: the cyanobacterium 

synechocystis is not included due to not possessing any chloroplast FKBP. 

 

 

 

teen (11 FKBPs and 8 CYPs) in maize, eighteen (11 FKBPs and 7 CYPs) in poplar, 

compared to seventeen (11 FKBPs and 6 CYPs) isomers in Arabidopsis (Table 2.1 and 

Table 2.2). Overall FKBPs identified in green algae, rice, maize and poplar are 

consistent, except minor discrepancies (later discussed), with previous results of genome-

wide analyses of immunophilins (Vallon, 2005; Ahn et al., 2010; Wang et al., 2012; Yu 
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et al., 2012). Similarly CYPs identified in rice and green algae are consistent with 

previous results (Vallon, 2005; Ahn et al., 2010).  

 In this study, the nomenclature was assigned according to conventional rules in 

previously published studies (He et al., 2004; Romano et al., 2005). The proteins are 

designated either FKBP or CYP with prefix letters to indicate the species of origin (for 

example At for Arabidopsis thaliana), and a suffix number to indicate molecular weight. 

For better comparison in this report, all proteins suffix numbers in the different species 

were assigned according to their ortholog isoforms in Arabidopsis rather than solely 

based on their estimated molecular weights (He et al., 2004). When multiple orthologs 

were identified, a letter was added to the name. For instance, moss CYP37a and moss 

CYP37b are both orthologuos to AtCYP37 thus are referred to as PpCYP37a and 

PpCYP37b.  

 

 2.2.2 Chloroplast Cyclophilin Diversity in Lower and Higher Plants. 

 

 A significant question in understanding chloroplast CYPs is associated with the 

evolution and diversification of these proteins in species across the evolutionary 

spectrum. Interestingly, we find that lower plants such as moss generally have the similar 

level of diversity as that of vascular plants such as Arabidopsis. This appears to be the 

result of an early diversification of the gene family in the common ancestor of land plants 

and green algae. The flowering plant, Arabidopsis thaliana, encodes six chloroplast 

cyclophilins (AtCYP20-2, AtCYP20-3, AtCYP26-2, AtCYP28, AtCYP37, and 

AtCYP38). The lycophytes, a non-seed vascular plant, possesses four chloroplast 

cyclophilins (SmCYP20-2, SmCYP26-2, SmCYP28, SmCYP37, and SmCYP38). The 

Physcomitrella patents, a moss, contains nine cyclophilins (PpCYP20-2, PpCYP20-3, 

PpCYP26-2, PpCYP28, PpCYP37a, PpCYP37b, PpCYP38a, PpCYP38b, and 

PpCYP38c). The green alga, Chlamydomonas reinhardtii, includes six cyclophilins 

(CrCYP20-2, CrCYP20-3, CrCYP26-2, CrCYP28, CrCYP37, and CrCYP38) in the 

chloroplast. However, the cyanobacterium, Synechocystis sp PCC6803 only contains two 

chloroplast cyclophilins (ssll0227 and ssll0408). Although from a global perspective the 

same diversity of cyclophilins has been conserved across the plant lineage, a number of 

differences are conspicuous. For instance we did not identify an ortholog for CYP20-3 in 

the lycophyte. Also, it is noteworthy that across the evolutionary spectrum specific genes 

appear to have duplicated. In the case of the moss, multiple orthologs of AtCYP37 and 

AtCYP38 are found. Both, PpCYP37a and PpCYP37b are retrieved as the closest 

proteins to AtCYP37. PpCYP37a and PpCYP37b share 85% identity and are about the 

same molecular weight (Table 2.1). Alignment of these proteins with Arabidopsis CYP37 

shows an overall well-conserved amino acid sequence with minor substitutions (Fig 2.1). 

Also both PpCYP37a and PpCYP37b are 52 and 51.9 percent, respectively, identical to 

AtCYP37, thus very likely these proteins arose from a duplication event (Table 2.1, Fig. 

2.2).  Interestingly, three CYP38 orthologs (PpCYP38a, PpCYP38b, and PpCYP38c) are 

found in moss as well. The three proteins are similar in length, ranging from 453, 442, 



 

25 
 

and 451 amino acids, respectively (Table 2.1, Fig 2.2).  P. patents is an established 

organism which has experienced whole genome duplication; polyploidy (Rensing et al., 

2013). It is presumed that during genome duplication, duplicated segments are lost 

quickly during the early phases of diploidization, unless a selective advantage is 

introduced which might retain certain genes (Ma and Gustafson, 2005; Innan and 

Kondrashov, 2010). Thus, these multiple orthologs might be due to gene duplication in 

moss. However, it is surprising that out of all the six cyclophilin orthologs in moss, only 

CYP37 and CYP38 have retained duplicates, which might implicate the importance of 

their function in moss development and survival. In contrast to the moss, single 

cyclophilin orthologs are found in the green alga, C. reinhardtii, suggesting that 

cyclophilins evolved early in a common ancestor of land plants and green algae. Further 

support for this hypothesis is found in the cyanobacterium Synechocystis, which only has 

two homologues of plant chloroplast cyclophilins (ssll0227 and ssll0408, Table 2.1; 

Vallon, 2005). A proteomic study of the thylakoid of Synechocystis has confirmed the 

presence of ssll0408 in this compartment (Srivastava et al., 2005). Chloroplasts 

originated more than 1 billion years ago, when a free-living cyanobacterium became an 

endosymbiont in a eukaryotic host cell, giving rise to a eukaryotic plant (Miyagishima, 

2011). Consequently, it is not surprising to find a steep increase in number and diversity 

of immunophilin isoforms during the evolution from cyanobacteria to higher plants.  

 Furthermore, in order to analyze the evolutionary relationships among the 

chloroplast CYP members in these species, a phylogenetic tree was constructed based on 

the alignments of SynCYP (sll0227, sl0408), CrCYP, PpCYP, SmCYP, and AtCYP 

protein sequences (Fig 2.2). Because of the highly conserved amino acid sequences of 

CYP proteins, the neighbor-joining method of the MEGA software was adopted to 

construct the phylogenetic trees for the combined 28 chloroplast CYPs found in all these 

organisms. Generally, respective orthologs in green algae, moss, and lycophyte were 

found to share high sequence similarity to Arabidopsis CYPs, thereby indicating that 

CYPs between lower and higher plants are highly conserved throughout plant evolution 

(Fig 2.3).Interestingly, phylogenetic tree reconstruction analysis shows that one of the 

cyanobacterium CYPs (sll0408) is grouped closer to CYP38 and CYP37 branches, 

whereas the other CYP (sll0227) is closely grouped to the rest of the CYPs branches (Fig 

2.3). Additionally, contrary to the clear evolutionary relationship observed for CYP26-2, 

CYP28, CYP37 and CYP28, the phylogenetic analyses show intertwined evolutionary 

relationship among CYP20-2 and CYP20-3. This result suggests that these two genes 

arose from an early gene duplication event but have potentially divergent functions. This 

hypothesis could be supported by the fact that the close homologues CYP20-2 and 

CYP20-3 in Arabidopsis localize to the thylakoid and the stroma, respectively 

(Dominguez et al., 2008, Sirpiö et al., 2009). 

 Similarly, analysis of cyclophilin proteins from the monocots (maize and rice) and 

dicots (poplar and Arabidopsis) further confirms an overall established chloroplast 

cyclophilin diversification in higher plants (Fig 2.4 and Fig 2.5). The genome analyses 

indicate maize contains eight cyclophilins (ZmCYP20-2a, 20-2b, 20-3, 22, 26-2, 28, 37, 

and 38). Poplar includes seven cyclophilins (PtCYP20-2a, 20-2b, 20-3, 26-2, 28, 37, and 
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38). And rice houses seven isomers (OsCYP20-2, 20-3, 22, 26-2, 28, 37, and 38). Among 

these higher plants, a high similarity in sequence and primary protein structure is 

observed (Table 2.1 and Fig 2.4). However, OsCYP22 and ZmCYP22, the orthologs of 

AtCYP22 that is putatively cytosolic, scored high for targeting to the chloroplast based 

on N-terminal sequence analyses as described in methods and in agreement with a 

previous report in rice (Ahn et al., 2010). Analysis of AtCYP22 orthologs in the other 

species in this study scored poorly for chloroplast targeting (not shown).  Another 

significant difference observed within higher plants is the presence of duplicate CYP20-2 

orthologs in maize and poplar. In each case both proteins are very close in size but have a 

few amino acid substitutions. Interestingly, ZmCYP20-2a and ZmCYP20-2b in maize are 

on separate chromosome, 8 and 6, respectively (Data not shown). A constructed 

phylogenetic tree based on the alignments of the 28 CYP proteins present in rice, maize, 

poplar and Arabidopsis indicates a close evolutionary relationship (Fig 2.4 and Fig 2.5). 

The phylogenetic tree was generated using the neighbor-joining approach as described in 

methods section. The unrooted phylogenetic tree shows six well defined groups 

representing the corresponding cyclophilin orthologs in each species in addition to a 

seventh branch for CYP22 in maize and poplar. Overall, these results suggest the same 

level of diversity is observed from lower plant to higher plants and that a major 

diversification of chloroplast immunophilins arose in the evolution of photosynthetic 

organisms from cyanobacteria. 

 

 

2.2.3 Chloroplast FKBP Diversity in Lower and Higher plants. 

  

 Proteomic analyses previously exposed a surprisingly large number of FKBPs 

associated with the thylakoid membrane and lumen in Arabidopsis (Schubert et al., 2002; 

Peltier et al., 2002). Subsequently, Arabidopsis genome-wide analysis revealed that half 

of FKBPs (11 of 22) in Arabidopsis are targeted to the chloroplast thylakoid, directed to 

this compartment by cleaved N-terminal transit peptides in the precursor proteins 

(Romano  et al., 2004). Our results from database mining and analysis of evolutionary 

relationships indicate that FKBPs from green algae (Chlamydomonas reinhardtii), moss 

(Physcomitrella patens), lycophyte (Selaginella moellendorffii), monocots ((Oryza sativa 

and Zea mays)) and dicots (Arabidopsis thaliana and Populus trichocarpa) are well 

conserved both in terms of number and similarity (Table 2.2). However, we did not find 

any chloroplast FKBP in the cyanobacterium Synechocystis sp. PCC 6803. The green 

alga encodes ten FKBPs (CrFKBP13, 16-1, 16-2, 16-3, 16-4, 17-2, 17-3, 18, 19, and 20-

2). Similarly, moss encode ten FKBPs (PpFKBP13, 16-1, 16-3, 16-4, 17-1, 17-2, 18, 19a, 

19b, and 20-2). And the lycophyte house ten FKBPs (SmFKBP13a, 13b, 16-1, 16-3, 16-

4, 17-1, 17-2, 18, 19, and 20-2) as well. Compared to the eleven FKBPs (AtFKBP13, 16-

1, 16-2, 16-3, 16-4, 17-1, 17-2, 17-3, 18, 19, and 20-2) in Arabidopsis, indicating 

diversity of FKBPs arose before the diversification of land plants (Table 2.2). However, 

modifications and duplications have occurred throughout the evolution from lower to   
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Figure 2.2 Multiple sequence alignment of CYPs in Synechocystis sp. PCC6803, C. reinhardtii, P. patens, S. moellendorffii, and A. thaliana. 

Secondary structure features (a-helix and b-sheets) derived from the human CYPA according to previous reports (Galat et al., 2003; Romano et al., 

2004. Backgrounds indicate percent of amino acid similarity: black 100%, dark grey 60%, light gray 20%.  
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Figure 2.3 Phylogenetic tree with evolutionary relationships of Cyclophilins in Synechocystis sp. 

PCC6803 (Sll), C. reinhardtii (Cr), P. patens (Pt), S. moellendorffii (Sm), and A. thaliana (At). The 

evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei, 1987). 

Evolutionary analyses were conducted in MEGA software (Tamura et al., 2011). Color shades identify 

similar orthologs. 
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Figure 2.4 Multiple sequence alignment of cyclophilins in O. Sativa (Os), P. trichocarpa (Pt), Z. mays 

(Zm) and A. thaliana (At). Secondary structure features (a-helix and b-sheets) derived from the human 

CYPA according to previous reports (Galat et al., 2003; Romano et al., 2004. Backgrounds indicate 

percent of amino acid similarity: black 100%, dark grey 60%, light gray 20%. The four cysteine residues 

involved in redox control of AtCYP20-3 are boxed in red. 
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Figure. 2.5 Unrooted phylogenetic tree of cyclophilins relationship in higher plants: rice, maize, poplar 

and Arabidopsis. The phylogenic analysis was based on the sequence alignments by ClustalX as described 

in Methods. Color shades highlight grouped orthologs proteins from all the species analyzed. 

 

 

higher plants. For instance, C. reinhardtii, does not encode a chloroplast-targeted 

FKBP17-1 ortholog. Using Arabidopsis CYP17-1 as a query in the green alga genome 

only identifies CrFKBP19. Moving from water to land was a pivotal step in the evolution 

of land plants thus functional characterization of FKBP17-1 in moss and higher plants 

will likely provide evidence to understand the lack of this gene in green algae. 

Noticeably, moss encodes for duplicates orthologs of FBKP19, however, FKBP19 is not 

related to FKBP17-1 in species where it is present. As previously discussed in this 

chapter (Section 2.2.2), P.patens is a well-recognized species that has gone through 

genome duplication (Rensen et al., 2013). But similarly to what is observed in 

cyclophilins, not all FKBPs have duplicates indicating the maintenance of these 

duplicates could be the result of specific selection pressures for these particular proteins. 

AtFKBP19 awaits functional characterization in higher plants thus it is unclear the 

significance that moss has maintained two very similar copies of FKBP19. At the same 
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time, no AtFKBP16-2 or AtFKBP17-3 ortholog could be identified in the moss.  On the 

other hand, the lycophyte S. moellendorffii, has a duplicate of FKBP13 (SmFKBP13a and 

SmFKBP13b) and absence of FKBP16-2 (Table 2.2). In Arabidopsis, AtFKBP13 has 

been shown to be redox regulated by redox changes as a result of two disulfide-bridges, 

C56-C96 and C185-C190 (Fig 2.6, red boxes; Gopalan et al., 2004). The two pairs of 

cysteine are conserved in AtFKBP13 orthologs of green algae, moss and the lycophyte 

SmFKBP13b, while SmFKBP13a is missing one cysteine residue thus suggesting 

SmFKBP13a might have different functions than its ortholog; AtFKBP13. Accordingly, 

all these results indicate that across evolutionary space different selective pressures might 

have shape FKBP diversity. Similarly, chloroplast FKBPs genes among higher plants, 

such as the monocots (maize and rice) and the dicots (poplar and Arabidopsis) have 

remained constant (Table 2.2). Maize encodes eleven FKBPs similar to Arabidopsis. 

Poplar also contains eleven FKBPs as well but does not encode for FKBP17-3 and has 

duplicate orthologs for FKBP16-3(Table 2.2). While rice, only has ten FKBP isomers, 

lacking FKBP17-3 as in poplar. Our results show that FKBP17-3 is present in only 3 

species (A. thaliana, Z. mays and C. reinhardtii) and absent in the other four species 

investigated in this study (Table 2.2). Previous reports have suggested FKBP17-3 and 

FKBP17-2 arose from a duplication event and thus FKBP17-3 might have been lost due 

to its redundancy with FKBP17-2 (Gollan et al., 2012).  

 Further analysis of the evolutionary relationships of FKBP from lower and higher 

plants by phylogenetic trees constructed based on the alignments  of either lower plants 

compared to Arabidopsis, or higher plants compared to Arabidopsis, confirms overall 

ancient diversification of FKBPs. The multiple full length sequence alignment of the 

FKBPs identified in the corresponding species was performed using ClustalX and a 

neighbor-joining method used to construct the phylogenetic tree (Fig 2.6, Fig 2.7 and Fig. 

2.8, Fig 2.9) According to the phylogenetic tree generated from lower plants and 

Arabidopsis, each corresponding FKBP forms independent evolutionary related group, 

except for FKBP16-2 with FKBP13, and FKBP17-2 with FKBP17-3(Fig 2.7). For 

instance, There is no clear separation in the evolutionary relationship between FKBP16-2 

and FKBP13, further adding evidence these two proteins arose from gene duplication as 

previously suggested (Fig 2.7; Gollan et al., 2012). Another example of ambiguous 

relationship, as already mentioned, is FKBP17-3 and FKBP17-2 in which there is no 

clear split-up among these orthologs in the tree as well. A number of studies have 

indicated FKBP multi-gene family in higher plants have evolved through gene 

duplication, but based from our results it appears that only a few FKBPs such FKBP13-

FKBP16-2 and FKBP17-3-FKBP17-2 pairs are clear candidates as products of 

duplication events, nonetheless, the major diversification of these proteins occurred in an 

ancient common ancestor of green algae and land plants.  
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2.2.4 Concluding Remarks 

 

 In this study we investigated the evolutionary relationship among chloroplast 

immunophilins in eight representative species over a large evolutionary time-scale, 

including cyanobacteria, green algae, non-angiosperms, monocots, and dicots (Table 2.1 

and Table 2.2). Sequence analyses and phylogenetic tree reconstruction indicate that 

chloroplast immunophilin proteins (cpCYPs and cpFKBPs) are highly diverse and such 

diversity is largely conserved from eukaryotic lower plants to higher plants. Six cpCYPs  

are present in higher plants as well as in lower plants, while the prokaryotic 

cyanobacterium possesses only two cyclophilins. Meanwhile, about 10-11 FKBPs are 

present in higher plants, which are comparable with the 10 FKBPs in green algae and 

non-angiosperms. In Arabidopsis, functional characterization so far indicate 

immunophilins are mainly involved in maintaining the stability of photosynthetic protein 

complexes although the exact regulatory mechanisms are largely unknown.  Recently, 

immunophilins in the chloroplast have also been reported to be redox controlled (Gopalan 

et al., 2004; Lima et al., 2006; Motohashi et al., 2006). For instance, AtCYP20-3 

containing four cysteines (2 pairs) has been shown to be redox regulated by thioredoxin 

(Motohashi et al., 2006; Dominguez-solis et al., 2008). Similarly, AtFKBP13 with two 

pairs of cysteines has been shown to be regulated by redox changes (Gopalan et al., 2004; 

Shapiguzov et al., 2006). Our results show that cysteine residues are highly conserved in 

a number of immunophilins suggesting that formation of disulfide bridges and redox 

signaling potentially serves as a major regulatory mechanism in these proteins. 

AtCYP26-2 and AtCYP28 have three and five cysteines, respectively. By contrast, 

AtCYP38 with one cysteine and AtCYP37 with no cysteines are unlikely to be redox 

regulated. Other potential targets for redox regulation are AtFKBP16-3 and AtFKBP17-3 

with two cysteines each. AtFKBP16-1, AtFKBP16-4, AtFKBP17-1, AtFKBP17-2, 

AtFKBP18, and AtFKBP19 contain one or no cysteines and are not able to form any 

intramolecular disulfide bridge. 

 Additionally, although immunophilins are generally referred to as PPIases, strong 

evidence suggests the functions of chloroplast immunophilins may be independent of 

PPIase capabilities (Ingelsson et al., 2009). Most of these proteins targeted to the 

chloroplast do not contain the required residues for PPIase activity (He et al., 2004; 

Gollan et al., 2012). Consistently, most of them appear to be inactive PPIases, except 

AtFKBP13 and AtCYP20-2 which have been shown to possess PPIase activity although 

this capability appears to be dispensable for Arabidopsis development (Shapiguzov et al., 

2006; Edvardsson et al., 2007; Gollan et al., 2011). Likewise, the absence of key residues 

for PPIase in immunophilins from lower plants further implies that PPIase is not required 

for immunophilin functions in the chloroplast. Consequently, functional characterization 

of these proteins is pivotal to our understanding of lumenal protein functions and 

dynamics. 

  



  

 
 

3
3
 

 
Figure 2.6 Multiple sequence alignment of FKBPs in C. reinhardtii, P. patens, S. moellendorffii, and A. thaliana. Secondary structure features (a-

helix and b-sheets) derived from the human FKBP12 according to He et al., 2005. Backgrounds indicate percent of amino acid similarity: black 

100%, dark grey 60%, light gray 20%. The four cysteine residues involved in redox control of AtFKBP13 are boxed in red.  
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Figure 2.7 Phylogenetic tree with evolutionary relationships of FKBPs in green algae, moss, lycophyte 

and Arabidopsis. Color shades indicate orthologs proteins in the different species. 
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Figure 2.8 Multiple sequence alignment of FKBPs in O. Sativa, P. trichocarpa, Z. mays and A. thaliana. Secondary structure features (a-helix and 

b-sheets) derived from the human FKBPs according to He et al., 2005. Backgrounds indicate percent of amino acid similarity: black 100%, dark 

grey 60%, light gray 20%.   
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Figure 2.9 Unrooted phylogentic tree of FKBPs relationship in higher plants: rice, maize, poplar and 

Arabidopsis. The phylogenic analysis was based on the sequence alignments by ClustalX as described in 

Methods. 

 

 

  

2.3 Methods 
 

 2.3.1 Retrieval of FKBP and CYP Sequences 
  The genomes of all the organisms investigated in this work have been sequenced. 

Filtered proteins and CDS have also become available in a number of web servers of 

which all can be accessed through http://www.plantgdb.org/. An initial search for 

Arabidopsis chloroplast immunophilins protein orthologs in rice, maize, poplar, 
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lycophytes, moss, and green algae was performed using the Department of Energy's Joint 

Genome Institute (JGI) Phytozome server (http://www.phytozome.net/). Additionally,  to 

confirm all chloroplast proteins were identified protein BLAST searches for the entire 

immunophilin protein family were performed in either the independent genomes server 

(for ease of access: http://www.plantgdb.org/) or in NCBI 

(http://www.ncbi.nlm.nih.gov/).  

  

 2.3.2 Sequence Analysis-Phylogenetic Tree Construction  

 All full length amino acid sequence alignments were performed using ClustalX 

(http://www.clustal.org/) program with default parameters. The ClustalX generated 

alignment was used to construct Phylogenetic trees with MEGA sofware 

(http://megasoftware.net) using Neighbor-joining parameters. Representations of the 

calculated trees were visualized using TreeDyn (http://www.treedyn.org/). 

 

 2.3.3 Nomenclature of Immunophilin Proteins 
 All immunophilin protein names were assigned according to previous plant 

nomenclature conventions such as in Arabidopsis (Romano et al., 2004). Where multiple 

orthologs to the Arabidopsis isoforms were identified, a letter was added to the names 

(e.g. PpCYP37a and PpCYP37b are very similar to Arabidopsis CYP37). 
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CHAPTER 3 
 

FUNCTIONAL CHARACTERIZATION OF IMMUNOPHILINS 

IN THE THYLAKOID LUMEN BY REVERSE GENETICS: 

NOVEL FUNCTIONS AND REDUNDANCY 
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3.1 Introduction 

 

 Photosynthesis sustains almost all living organisms directly or indirectly. The 

thylakoid membrane/lumen system inside the chloroplasts provides the structural 

platform for photosynthetic transformation of sunlight into metabolic energy forms (see 

Chapter I). Nevertheless, while photosynthesis is the major function of the thylakoid, this 

compartment also serves as a sensor that reconfigures its own components in response to 

environmental and metabolic needs. For instance, thylakoids host functions including 

protein folding, proteolysis, photo-protection, and redox signaling among others 

(Armbruster et al., 2011; Spetea, 2012). About 100 proteins reside in the thylakoid 

lumen, including a unique group of immunophilins of sixteen members representing the 

largest protein family known in this compartment (Romano et al., 2005).  As discussed in 

Chapter II, a number of studies indicate thylakoid immunophilins are involved in 

regulating the assembly of photosynthetic membrane protein complexes through 

interaction with specific photosynthetic subunits. For example, single mutation  in 

AtCYP38 or AtFKBP20-2 significantly affect photosystem II (PSII) assembly, whereas 

the redox regulated AtFKBP13 has been shown to associate with subunits of the 

Cytochrome b6f complex (Fu et al., 2007, Lima et al., 2006; Gupta et al., 2004). 

Additionally, AtCYP20-2 and AtFKBP16-2 are involved in regulating the assembly of 

NADPH dehydrogenase (NDH) enzyme complex and photosystem I (PSI) (Peng et al., 

2009). Since only a fraction of thylakoid immunophilins have been characterized, it is 

pivotal to investigate the remaining immunophilins for better understanding of functions 

of these proteins in the lumen, thus advancing our knowledge on photosynthetic protein 

assembly and other potential regulatory processes. Work presented in this chapter is an 

attempt to shed new light on immunophilin proteins in the thylakoid lumen. In part I, 

evidence for the involvement of AtCYP37 in high light stress response is described. Part 

II discusses the possibility that AtCYP28 is functionally redundant as plants lacking 

CYP28 do not exhibit any phenotype under a diverse number of stresses. Finally, work in 

Part III addresses the immunophilins with potential functional redundancy by presenting 

preliminary work on FKBP double mutants: fkbp20-2/fkbp16-3. 

 

 

3.2 PART I: The Arabidopsis Thylakoid Lumen Cyclophilin 37 is Involved in High 

Light Stress Response. 
 

 

3.2.1 Results and Discussion 

 

 3.2.1.1 AtCYP37 localizes to the thylakoid lumen and its protein level 

increases under high light: AtCYP37 with a 466 amino acid sequence is the largest 

cyclophilin isoform in the chloroplast. All chloroplast cyclophilins share poorly 

conserved primary structures which potentially underline their functional diversity. 
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Nevertheless, from a phylogenetic perspective, AtCYP37 appears to be more related to 

AtCYP38, the second largest chloroplast immunophilin. Immunophilins have been so far 

suggested to function in maintenance and assembly of photosynthetic machinery; for 

instance, AtCYP38 is required for proper PSII assembly (Fu et al., 2007). Thus, we were 

intrigued to determine if AtCYP37 might have similar functions.  To examine the 

function of CYP37, we analyzed a T-DNA insertion mutant in the CYP37 gene 

(At3g15520). Sequence analysis showed that the foreign T-DNA insertion site is in the 

ninth exon of the coding region (Fig. 3.1A). The transcript of CYP37 was undetectable by 

RT-PCR in the mutant (Fig. 3.1B), indicating it was a knock out allele. To further 

confirm this, the mutant was subjected to western blotting using a specific polyclonal 

antibody against CYP37. This analysis showed there was no protein present in the mutant 

plants (Fig. 3.1D).  

 CYP37 contains a chloroplast targeting sequence and proteomic studies have 

reported the presence of CYP37 in the thylakoid (Schubert et al., 2002). To further 

document CYP37 localization in the thylakoid, isolated chloroplasts were fractioned into 

stromal, thylakoid membrane and thylakoid lumen extracts. Each fraction was analyzed 

by immunoblot with a specific polyclonal antibody against CYP37 or specific polyclonal 

antibodies against ferredoxin-thioredoxin reductase (FTR) localized to stroma, the rieske 

iron-sulfur (RFeS) protein in the thylakoid membrane, and plastocyanin (PC) in thylakoid 

lumen, respectively. The results confirm that CYP37 is a resident in the thylakoid lumen 

(Fig 3.1C).  

 Additionally, gene expression analysis by public microarray data and other reports 

revealed that CYP37 is expressed in photosynthetic tissue (Romano et al., 2004). In order 

to test whether expression of CYP37 is affected by light, protein levels were tested in 

plants grown under low light (20 μmol m
-2

 s
-1

) and at different time points (8, 16, and 24 

hours) after plants were transferred to continuous  high light (300 μmol m
-2

 s
-1

). 

Interestingly, CYP37 protein was greatly increased during the first 8 hours and 

subsequently decreased to a stable level after the 16-hour exposure to high light 

(Fig.3.1E). This data suggest CYP37 maybe important for rapid acclimation response at 

the onset of plant exposure to high light.  

 

 

 3.2.1.2 The cyp37 mutant displays defects in anthocyanin accumulation under 

high light: Although cyp37 is a knock-out line, the mutant plants grown under normal 

light (~100 μmol m
-2

 s
-1

), either short-day (10 hr light/14 hr dark) or long-day conditions 

(16 hr light/8 hr dark), did not exhibit any obvious phenotypic changes as compared to 

the wild type (Fig 3.2A). As described in this work, CYP37 levels are highly induced 

upon exposure to high light, further screen to look for defects in the mutant was pursued 

by exposing the mutants to high light (750 μmol m
-2

 s
-1

) under a 10 hr light/14 hr dark 

cycle (Fig 3.2C). Remarkably, contrary to our expectation, cyp37 plants were less 

compromised in their resistance to high light treatments than WT plants. Under these 

light conditions mutant plants remained green for a longer period compared to WT which 

showed purple color just two to three days after exposure to high light stress (Note: plants 
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in figure 3.2C are five days after high light exposure). Also, transition to flowering was 

delayed in mutant plants. Under normal conditions, both the WT and mutant plants did 

not accumulate significant amounts of anthocyanin; and both flower at similar times. 

After two days of high light/dark cycle, WT plants accumulated 350μg of anthocyanin 

per gram of fresh weight whereas the mutant accumulated 204μg, a 40% less in 

comparison with WT (Fig. 3.2B). Thus, it appears that although the mutant plants can 

sense high light stress, they displayed a delayed response in activating photoprotection 

mechanisms such as anthocyanin biosynthesis.  

 Generally, plants have evolved a number of defense mechanism typically 

involving protective and adaptive mechanisms to cope with stresses including high light 

(Dickison and Chang, 2011; Kreslavski et al., 2012). Exposure to high light disturbs the 

balance between absorbed light energy and capacity of its photochemical utilization 

resulting in photoinhibition as reactive oxygen species (ROS) are generated which can be 

very detrimental to plant survival. This disturbance activates photo-protective defense 

mechanisms such as dissipation of light and removal of ROS. For instance, high light 

induces synthesis of anthocyanins that protect plants from light-induced photodamage 

(Krieger-Liszkay et al., 2008; Havaux et al., 2009). Generally, anthocyanins function as 

sunscreens to attenuate the visible and ultraviolet light penetrating the leaves and thus 

reducing excitation pressure. Furthermore these molecules serve as antioxidants that aid 

in protection against oxygen radicals (Zhang et al., 2012). It is intriguing that cyp37 

plants are delayed in accumulation of anthocyanin implying that this immunophilin might 

be linked to sensing of light stress and activation of defense mechanisms. Relevant to this 

finding, it is interesting to investigate whether ROS levels are different in the mutant and 

WT plants. An initial analysis of ROS accumulation in cyp37 mutant plants grown for 2 

weeks in low light (20 μmol m
-2

 s
-1

) and then transferred to high light conditions for five 

hours showed the mutants accumulate a high concentration of superoxide, O2
−
(Fig 3.2D). 

It has been previously reported that high accumulation of ROS can inhibit anthocyanin 

production thus the question remains to be investigated whether cyp37 reduction in 

anthocyanin biosynthesis is due to a direct link or as a consequence of higher ROS levels 

(Gadjev et al., 2006). Superoxide is one of three major reactive oxygen species produced 

under high light conditions, in addition to hydrogen peroxide, H2O2, and hydroxyl 

radicals, OH˙ (Asada, 2006). Thus, to have a better understanding of ROS behavior in the 

cyp37 mutant, both hydrogen peroxide and hydroxyl radicals will still need to be 

investigated. 

 

 

 3.2.1.3 High light stress affects electron transport rate in cyp37, but 

photosynthetic complex damage is similar to WT plants: Typically, when plants are 

exposed to high light the photosynthetic activity declines rapidly, as a result of photo-

inactivation, also known as “photoinhibition” (Campbell and Tyystjärvi, 2012). This 

phenomenon occurs as the rate of photodamage to PSII exceeds the rate of repair of 

damaged PSII. cyp37 mutant plants have decreased accumulation of anthocyanin under 

high light, thus we wanted to further investigate if photosynthetic efficiency is different 
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in the mutant relative to WT plants. To pursue this possibility, we took advantage of 

chlorophyll fluorescence measurement which can assess overall photosynthetic efficiency 

with a number of parameters in the leaves of whole plants (Maxwell & Johnson, 2000). 

In brief, light energy absorbed by chlorophyll molecules in a leaf can undergo three 

different routes: photochemical quenching, being dissipated as heat (non-photochemical 

quenching or NPQ) or being re-emitted as light-chlorophyll fluorescence. These three 

processes occur in competition, thus by measuring chlorophyll fluorescence, information 

about photochemistry and heat dissipation can be gained. Using a pulse amplitude 

modulation (PAM) fluorometer, we measured chlorophyll fluorescence in plants grown 

under normal and high light conditions. Mutant plants grown under normal conditions 

showed no difference in photosynthetic efficiency compared to WT (Data not shown). 

However, mutant plants after a 3-day high light-exposure have a higher electron transport 

rate than the WT (Fig 3.3A). The overall photosynthetic efficiency, represented by 

ΦPSII, the quantum efficiency of PSII photochemistry at different photon flux, is not 

significantly altered (Fig. 3.3A). It is surprising that the mutant has a higher electron 

transport rate, suggesting that the mutant is more efficient in utilizing the light energy, 

opposite to our initial hypothesis that CYP37 might be involved in maintenance or 

assembly of photosynthetic machinery.  

 In addition to further dissecting CYP37 function; we were interested in 

investigating whether the different protein complexes (such as PSII, PSI, Cytb6f) are 

affected in this mutant under high light conditions which could potentially explain the 

phenotype. To investigate this, thylakoid membranes, from WT and mutant, were isolated 

and analyzed by Blue native (BN) gel electrophoresis followed by two dimensional 

separation (2D) and silver staining. The advantage of this method is that it allows us to 

visualize individual complexes in their native states using the non-denatured procedure 

and further 2D analysis provides an overview of the major individual subunits of the 

respective complexes. Thylakoid membranes of WT and mutant plants show normal 

photosynthetic complex distribution as expected since the mutant does not show any 

phenotype under normal conditions (Fig 3.3B) Further 2D analyses reveals the major 

subunits of the different complexes and intermediate complexes are similar in both WT 

and mutant (Fig 3.3B). For instance, the abundance of individual PSII super complex 

bands (PSII SC) are not altered in the blue native gel, and silver staining of the 

subsequent 2D gels show all the major subunits of this complex are equally present in 

both WT and mutant. Similarly other complexes such as photosystem I (PSI), cytochrome 

b6 f complex (Cyt b6 f), the light harvesting complex trimer (LHCII-T) are not affected 

either. To our Surprise, overall protein complexes appear to behave similarly in both WT 

and mutant plants exposed to high light for three days (Fig. 3.3C). Although protein 

levels decreased under high light, both WT and mutant appear to be affected to the same 

extent (Fig. 3.3C). However, it must be noted that with this method it is difficult to 

compare the specific abundance of each individual protein between WT and mutant, 

especially low molecular weight subunits, because the gels were processed separately. 

Instead, western blotting analysis needs to be carried out on individual subunits by 
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loading samples in the same gel. This will further provide evidence if the mutant is 

affected in accumulation of any of photosynthetic subunits.  

 3.2.1.4 CYP37 interacts with photosynthetic subunits Cyt f and PSII subunit 

PsbM: Immunophilins, regardless of their subcellular location, appear to fulfill their 

functions by interacting with their target proteins (discussed in Chapter I and Chapter II). 

To test this possibility with CYP37, we used the yeast two-hybrid (Y2H) assays to 

identify interacting proteins from the thylakoid lumen and proteins protruding from the 

thylakoid membrane into the thylakoid lumen as well. We cloned CYP37 cDNA 

encoding the mature sequence into the expression vector pGBT9.BS (BD, bait).  Also, 

more than 100 proteins from the thylakoids, either soluble (e.g. experimentally confirmed 

or predicted) and thylakoid lumen exposed membrane proteins (e.g. luminal exposed 

domains of PSII and PSI subunits) were cloned into pGADGH (AD, prey). Yeast cells 

carrying CYP37-BD and individual thylakoid proteins in AD plasmids were grown on 

selection media (synthetic medium lacking Leu (L), Trp (W), and His (H), SC-LWH). 

Contrary to other immunophilins such as CYP28 (discussed in part II of this chapter) 

which have numerous interacting partners, CYP37 only interacted with two proteins, 

cytochrome f and PsbM (Fig 3.4A). Cyt f is part of the cytochrome b6f complex involved 

in transferring electrons from PSII to PSI, while PsbM is a relatively uncharacterized low 

molecular weight subunit of PSII complex (Kurisu et al., 2003; Kawakami et al., 2011). It 

seems that CYP37 may presumably not interact with both of these two proteins in vivo; 

otherwise, a more detrimental effect might have been observed in the absence of CYP37 

in planta. Furthermore, Y2H can also produce false positive results. Further in-vivo 

interaction procedures will be carried out to confirm CYP37 interacting partners. An 

initial 2D BN/PAGE analysis suggested that CYP37 is associated with an unidentified 

intermediate complex larger than the Cyt b6f complex (Fig. 3.4B). This result may 

indicate that interaction with Cyt f in the yeast two-hybrid may be a false positive. As 

PsbM antibody was not available, we did not confirm if CYP37 migrates together with 

this protein in the same complex which could provide further evidence to their potential 

interaction. Analysis of CYP37 accumulation in a psbM mutant background may also 

provide insights in the functional relevance of CYP37-PsbM interaction. 

 

 

3.2.2 AtCYP37 Concluding Remarks 

 

 In this study, evidence for the characterization of the thylakoid lumen CYP37 in 

Arabidopsis is presented. Plants lacking CYP37 do not exhibit any observable phenotype 

under normal conditions, but respond differently to high light exposure. Under high light, 

mutant plants accumulate less anthocyanin than WT and their electron transport rate is 

increased. An increase electron transport rate could indicate the mutant is able to utilize 

light more efficiently than WT thus reducing the pigment accumulation. However, initial 

ROS  accumulation analysis show the mutant accumulates more superoxide, thus hinting 

to another hypothesis in which anthocyanin biosynthesis is inhibited as potentially result 

of “too much” reactive oxygen species rather than more efficient photosynthetic 
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capabilities. Additionally, analyses of photosynthetic protein complex formation and 

damage by BN/2D PAGE of WT and mutant isolated thylakoid membranes indicate both 

are equally affected. Interestingly, CYP37 interacts with cyt f and PsbM subunits of the 

cytb6f complex and PSII complex respectively in the Y2H assay. Although, cyt f might be 

a false positive interaction as BN/2D PAGE shows CYP37 binds to an unidentified 

photosynthetic intermediate protein complex larger than cytb6f. Taken all these data 

together, it appears CYP37 might not be directly involved in assembly or maintenance of 

super complexes but potentially working in a pathway involved in light stress response. 

More than 3,000 nuclear genes in plants encode plastid proteins, while the chloroplast 

genome contains about 100 genes (Martin et al., 2002). It has been suggested that a tight 

relationship between plastid development/regulation and nuclear gene expression must 

exist. Specifically, chloroplast retrograde signaling, in which the plastid emits signals that 

regulate nuclear gene expression to match the status of the chloroplast  has been recently 

highlighted to play an important role in the acclimation of plant function to 

environmental stress (Woodson et al., 2013; Chi et al., 2013). For instance, molecular 

components of retrograde signaling during drought, high light and wounding stress 

responses are just beginning to be addressed (Li et al., 2013). Anthocyanin genes are 

encoded in the nucleus thus we hypothesize AtCYP37 might be potentially linked to 

retrograde signaling as the mutant has a delayed  response to high light relative to normal 

plants . A number of experiments would need to be carried out to decipher the phenotype. 

Firstly, complete analyses of ROS molecules accumulating in the mutant as well as 

expression of markers gene involved in anthocyanin biosynthesis would provide insights 

about anthocyanin deficiency in the mutant. Specifically, these experiments would allow 

us to determine if the mutant is “blind” (or partially blind) to high light stress or if 

anthocyanin biosynthesis inhibition is a downstream effect unlinked to gene expression 

(retrograde signaling). Secondly, western blot analyses of individual protein abundance 

from the different photosynthetic protein complexes in the mutant would help in 

determining any subtle changes in protein accumulation not detected by BN/2D PAGE 

analysis. Thirdly, a careful analysis of the rate of photodamage and recovery will 

potentially dissect defects in the photosynthetic response in the mutant. For instance, this 

can be accomplished by inhibiting protein synthesis with lincomycin as previously 

reported and monitoring photosynthetic efficiency changes at different time points (Fu et 

al., 2007).  Fourthly, complementation of the cyp37 will provide key confirmation the 

phenotype observed is caused by absence of CYP37. Therefore, characterization of this 

immunophilin will very likely provide interesting evidence to strengthen the functional 

diversity of immunophilins. 
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Figure 3.1 Characterization of the cyp37 mutant and CYP37 thylakoid localization.  (A) Localization 

of T-DNA insertion site in CYP37 genomic DNA. (B) RT-PCR analysis of CYP37 mRNA in the WT and 

cyp37 mutant. (C) Sub-organelle localization of CYP37 in chloroplast compartments: stroma (S), 

thylakoid lumen (L), and thylakoid membrane (T). Purified chloroplasts were used to fractionate protein 

and each fraction was loaded to SDS-PAGE and analyzed by specific polyclonal antibodies against 

CYP37; PC, Plastocyanin (lumenal marker); FTR, ferredoxin-thioredoxin reductase (stromal marker); and 

RFeS, Rieske iron-sulfur protein (thylakoid membrane marker). (D) Western blot indicating CYP37 

protein levels in WT and cyp37 (PsbO used as an internal control). (E) CYP37 protein levels in 4 week 

old plants under low light (LL, 20 μmol m
-2

 s
-1

) and protein levels under high light (HL, 300 μmol m
-2

 s
-1

) 

at different time points ( 8, 16 and 24 hours ) after transfer from low light to continuous high light. 

Chlorophyll concentration used as standard. 
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Figure 3.2 Light-induced anthocyanin accumulation is reduced in cyp37 mutants. (A) 4-week old 

WT and mutant plants grown under normal long day conditions (100 μmol m
-2

 s
-1

, 16 hr light/8 hr dark,). 

(B) Anthocyanin accumulation (μg/g fresh weight) in 4-week old plants after 2-day exposure to high light 

(750 μmol m
-2

 s
-1

, 10 hr light/14 hr dark). (C) 4-week old plant phenotype after exposure to high light 

treatment for 5 days. (D) Nitro blue tetrazolium (NBT) staining for superoxide accumulation in 2-week 

old plants after 5 hours exposure to high light ((750 μmol m
-2

 s
-1)

 conditions, low light (20 μmol m
-2

 s
-1

) 

used as control (LL-low light, HL-high light). 
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Figure 3.3 Light response curves for chlorophyll fluorescence and analysis of thylakoid membrane 

protein complexes in cyp37. (A) Chlorophyll fluorescence analyses of wild-type (WT) and cyp37 plants 

exposed to high light (750 μmol m
-2

 s
-1

) for two days (10 hr light/14 hr dark). Data represent means ± SE 

(n =3). Efficiency of PSII photochemistry (ΦPSII) and electron transport rates (ETR). (B) i-WT, ii-

mutant; Thylakoid protein complexes ( PSI-M, PSI monomer; PSII-D, PSII dimer; LHCII, PSII light-

harvesting complex; LHCII-T, PSII light-harvesting complex trimer; LHCII monomer, PSII light-

harvesting complex monomer) from WT and mutant plants grown under normal short day(10 hr light/14 

hr dark) conditions were separated by 5–13.5% Blue Native Gel (BN). Native gel slices were further 

analyzed by 2D SDS/PAGE and silver staining (representative proteins labeled). (C) i-WT, ii-mutant;  

Thylakoid protein complexes from plants exposed to high light for 3-days (10 hr light/14 hr dark) and 

analyzed as described for panel A. Protein identification in 2D gels was according to previous report (Fu 

et al., 2007). 
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.  

Figure 3.4 CYP37 physically interacts with PS II subunit PsbM and binds to an intermediate 

photosynthetic complex. (A) DNA encoding mature CYP37 sequence was cloned into the BD 

containing vector and used to screen a thylakoid membrane/lumenal mini-protein library in the Yeast-

two-hybrid system (as described in methods). The growth of yeast, when transformed with these 

constructs, on selection media indicates protein–protein interaction of the corresponding proteins. Shaded 

Triangle represents dilution series, SD-L/-W is control media and SD-L/-W/-H/-A is selection media. AD 

is empty vector for control. (B) BN/2D PAGE analysis of CYP37 binding to photosynthetic complexes 

using CYP37 specific polyclonal antibody, for reference cyt f and Pet C proteins were immunoblotted as 

well with their respective antibodies. 1-bound CYP37 to unidentified complex, 2-CYP37 soluble form. 

 

 

 

3.3 PART II: A number of Stress Treatments do not Affect Growth or Development 

of CYP28 Knock-out Arabidopsis Plants. 

 

 

3.3.1 Results and Discussion 

 

 3.3.1.1 Isolation of cyp28 allele and CYP28 subcellular localization: AtCYP28 

is a divergent 290 amino acid single-domain cyclophilin isoform predicted to be localized 

in the thylakoid lumen. To examine the function of CYP28, we analyzed a T-DNA 

insertional mutant in the CYP28 gene (At5g35100). Sequence analysis showed that the T-

DNA insertion site is in the first exon of the coding region, 370bp downstream of ATG 
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(Fig. 3.5A). The mRNA of CYP28 was undetectable by RT-PCR in the mutant (Fig. 

3.5B), indicating that the T-DNA insertion (cyp28) disrupted the expression of the CYP28 

gene. Further immunoblot analysis showed there was no protein present in the mutant 

when subjected to a specific polyclonal antibody against CYP28 (Fig. 3.5C).  

 CYP28 possess N-terminal twin arginine motifs followed by a number of basic 

residues, which are characteristics in transit peptide sequences of proteins targeted to the 

chloroplast thylakoid lumen compartment. To examine the subcellular localization of 

CYP28, we constructed a plasmid with GFP fused to CYP28 and transferred it into 

tobacco (Nicotiana benthamiana) leaves. The CYP28 GFP fusion protein was 

specifically located in the chloroplast (Fig. 3.6A). Furthermore, isolated Arabidopsis 

chloroplasts were fractioned to determine the precise sub-organelle location of CYP28 in 

the chloroplast.  The chloroplast fractionation followed by immunoblot analysis with the 

anti-CYP28 specific polyclonal antibody indicated CYP28 resides in the thylakoid lumen 

(Fig. 3.6B). 

 

 

 3.3.1.2 Lack of CYP28 does not affect plant growth or development under a 

number of stress conditions: To evaluate the consequences of inactivation of the gene, 

we examined the cyp28 mutant and wild-type plants under normal growth conditions (16 

hr light/8 hr dark) throughout their life cycle and observed no phenotypic differences (Fig 

3.7A). Microarray data and published studies indicate immunophilins are generally 

induced by light (Romano et al., 2004).  Light is a key requisite for photosynthesis, but at 

the same time it is well-documented that high light may also cause damage to plants by 

producing reactive oxygen species (ROS) as the chloroplast is a major source of ROS 

under stress conditions (Foyer et al., 2011). To investigate whether cyp28 mutant is 

affected by light conditions, both mutant and WT were grown or exposed to various light 

conditions in search of potential defects. However, similar to normal conditions, no 

visible changes were observed under these stressful light conditions. As discussed in 

Chapter I, the plant chloroplast has diverse functions, thus a number of different stress 

conditions such as osmotic, salt, and different ROS inducing treatments were carried out 

at germination and post germination with unsuccessful outcomes (Data not shown). 

Although mutant plants were developmentally similar to WT, it was still possible the 

mutant differed from wild-type at the molecular level. For instance we investigated 

physiological processes, such photosynthetic efficiency, that might indicate subtle 

deficiencies/changes in the mutant. Thus, we analyzed photosynthetic efficiency using 

chlorophyll fluorescence from intact leaves. The Fv/Fm ratio, which represents the 

maximum efficiency of PSII photochemistry, was similar in both mutant and WT plants 

indicating that overall photosynthetic capabilities are not affected in this mutant (Fig. 

3.7B). Further dissection of the different photosynthetic complexes through BN gel 

electrophoresis analysis confirmed no difference in accumulation of protein complexes in 

this mutant (Fig 3.7C). Thus, these results imply that CYP28 might be required for a 

specific function under elusive conditions not tested in this study. Alternatively, it may 

have a redundant function with other CYP family proteins. 
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 3.3.1.3 CYP28 interacts with a number of photosynthetic subunits: In the 

context of their function as chaperones or related regulatory capacities, immunophilins 

typically interact with their target proteins (Described in Chapter I and Chapter II). To 

hunt for CYP28 interactors, we used a yeast two-hybrid system to screen for potential 

thylakoid luminal protein targets. In addition to soluble luminal proteins (e.g. 

experimentally confirmed or predicted), the side loops or segments of thylakoid 

membrane proteins exposed to the lumen (e.g. PSII and PSII subunit domains) were also 

tested as well. Interestingly, CYP28 physically interacted with PSII subunits (CP43Z and 

CP47E), PS I subunits (PsaF), and Cytb6f subunits (Cyt f and RFes) (Fig. 3.8). It is 

intriguing that CYP28 has multiple interactors whereas some of other immunophilins 

tested under this system yields no interactors or one or two (e.g. AtCYP37 only has two 

interactors).  Further in-vivo and in-planta protein-protein approaches will be required to 

assess the true CYP28 interactors of physiological significance.  Additionally, analyses of 

CYP28 in different photosynthetic mutant backgrounds may expose the elusive role of 

CYP28 in the thylakoid lumen. 

 

 

3.3.2 CYP28 Concluding Remarks 

 The AtCYP28 is a single domain cyclophilin containing no other known domains, 

and with well-conserved orthologous proteins in all photosynthetic organisms 

investigated in this study (see Chapter II). AtCYP28 is localized in the thylakoid lumen. 

Interestingly, the knock-out mutant does not exhibit any phenotype under normal or 

several different stress conditions such as high light and other inducing stress inducing 

ROS. The thylakoid lumen plays a complex role in key processes during plant 

development and in the event of stress conditions (For review: Spetea, 2012). Thus, 

CYP28 might potentially participate in a specific stress network response which is 

unrelated to the different conditions investigated in this work. A clue to the potential 

function of CYP28 might be found in its protein sequence; it contains five cysteine 

residues, raising the question whether CYP28 might be linked to redox as it has been 

shown for FKBP13 (See Chapter II; Buchanan and Luan, 2005).  The thiol/disulfide 

redox network is an intricate system that involves redox input elements, redox 

transmitters, redox targets, and redox sensors (Dietz et al., 2008; for further review: 

König et al., 2012). Recent studies indicate that redox regulation in the lumen is critical 

for plant development (Dietz, 2010). It is worth noting that CYP28 is the only luminal 

immunophilin with five cysteine residues, one more than the redox regulated FKBP13 

which only possesses four cysteine residues (Gopalan et al., 2004). Thus, a redox-related 

quest for CYP28 is intriguing and worth pursuing. Due to limited time I am not able to 

pursue this quest. 

 

 



 

51 
 

 
Figure 3.5 Characterization of the cyp28 mutant. (A) Localization of T-DNA insertion site in CYP28 

genomic DNA. (B) RT-PCR analysis of CYP28 mRNA in the WT and cyp28 mutant. (C) Western blot 

showing CYP28 protein levels in WT and cyp28. Chlorophyll concentration used as standard. 

 

 

 

 

 
Figure 3.6 CYP28 localizes to thylakoid lumen. (A) CYP28-GFP tag chloroplast localization in N. 

Benthamiana; (1) chlorophyll autoflourescence, (2) CYP28-GFP fluorescence, (3) Bright field, and (4) 

overlay of panels 1, 2 and 3. (B) Localization of CYP28 in chloroplast compartments: stroma (S), 

thylakoid lumen (L), and thylakoid membrane (T). Purified chloroplasts were used to fractionate protein 

and each fraction was loaded to SDS-PAGE gels and analyzed by antibodies against CYP28, PC (lumenal 

marker), ClipC (stromal marker), and Rieske (thylakoid membrane marker).  
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Figure 3.7 cyp28 phenotype characterization and analysis of thylakoid member protein complexes. 
(A) 4-week old plant grown in long day conditions (16 hr light/8 hr dark). (B) Chlorophyll fluorescence  
analyses of WT and cyp28 plants grown in greenhouse for four weeks. (C) Blue native gel analysis of 

thylakoid proteins of WT and cyp28 (15 μg chlorophyll as loading standard). 

 

 

 

 
Figure 3.8 CYP28 physically interacts with several thylakoid membrane proteins. DNA encoding 

mature CYP28 sequence was cloned into the BD containing vector and used to screen a thylakoid 

membrane/lumenal mini-protein library in the yeast two-hybrid system. The growth of yeast, when 

transformed with these constructs, on selection media indicates protein–protein interaction of the 

corresponding proteins. 
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3.4 PARTIII: Lack of Phenotypes in AtFKBPs Single Mutants, Obstacles, and 

Potential Solutions to Decipher Thylakoid Immunophilin Functions. 

 

 The aim of this work is to highlight the major constrains in approaching 

immunophilin functions in the thylakoid and also to briefly introduce the initial work 

progress in characterizing double and triple immunophilin mutants. 

 

 

 3.4.1 Obstacles in Thylakoid Immunophilin Characterization. 

 

 In reverse genetics, the disruption of a target gene serves as a centrally important 

tool for exploring the consequences of the loss of gene function. However, it is common 

for researchers to meet the challenge that single mutants do not display any obvious 

phenotype. This is not surprising, as organisms such as plants have intricate gene 

networks that function intertwined with several processes in which simultaneous players 

may overlap (Kuepfer et al., 2005; khana et al., 2006; Pasek et al., 2006). Although the 

publically available T-DNA insertional mutant pool is substantial, quite a few 

Arabidopsis genes still lack knock-out T-DNA insertional alleles. Thus at times, 

functional characterization of proteins is delayed by the unavailability of knock out lines, 

driving researchers to look for alternative approaches such as RNA interference to knock 

down the gene of interest.  

 Due to the unavailability of T-DNA insertional mutants during our 

characterization of thylakoid immunophilins, I started my thesis work by using RNA 

interference (RNAi) to knockdown the expression of some immunophilin genes. A 

glucocorticoid-mediated transcriptional induction system was employed (For review see 

Aoyama and Chua, 1997).  In brief, this system is composed of a constitutively expressed 

chimeric transcription factor (GVG) which consists of a DNA-binding domain, a trans-

activating domain and a glucocorticoid receptor domain. In the absence of the synthetic 

glucocorticoid dexamethasone (DEX), GVG remains inactive in the cytosol, but in the 

presence of DEX it is activated and translocated to the nucleus where it actives the 

expression of a transgene targeting the gene of interest. Although I was able to reduce 

mRNA level in some of the genes tested, further characterization of these RNAi-lines 

was discontinued due to a number of artifacts resulting from this RNAi system. For 

instance, control transgenic plants harboring the empty vector of this system would 

sometimes display anomalies similar to the observable “phenotype” in the mutant plants 

(Data not shown). However, it is important to note that more recently some more robust 

RNAi systems have been developed with little side effects as reported, which could still 

potentially serve as a tool to explore the uncharacterized immunophilins  (Gilchrist and 

Haughn, 2010; Ahn et al., 2011; Schmidt et al., 2012). 

 Now, as immunophilin knock-out T-DNA lines become available, a new challenge 

arose: no observable phenotype. Although most of the different thylakoid immunophilins 

do not appear to have originated from gene duplication (See Chapter II), some may be 

functionally redundant. Consequently, it is feasible that construction of multiple mutants 
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among similar immunophilins would help to reveal their function. In the next part, I will 

describe an initial approach investigating potential immunophilin redundancy in the 

thylakoid lumen. 

  

 

 3.4.2 Analysis of Double Immunophilin Mutants  

 

 There are 16 immunophilins present in the thylakoid lumen and only a few of the 

T-DNA available mutants show pronounced phenotypes as described in chapter II. In 

particular four single domain FKBPs (FKBP16-3, -16-4, 17-1, and -20-2) with T-DNA 

insertion have been previously screened by our lab. Among them, only AtFKBP20-2 

mildly showed stunted growth (Lima et al., 2006; TABLE 3.1). These four single domain 

FKBPs are very similar in size and protein structure as they lack any additional domains, 

and thus a collection of double mutants were generated by crossing single mutants to 

study the combined effect of these proteins (Table 3.1). Three (fkbp26-3/fkbp16-3, 

fkbp20-2/fkbp16-4, fkbp17-1/fkbp16-4) out of these six double mutants still did not show 

any visible phenotype. Two other double mutant combinations (fkbp20-2/fkbp17-1, 

fkbp17-1/fkbp16-3) had subtle changes such as plants slightly turning yellowish only 

under continuous high light conditions (> 300 μmol.m
-2

.s
-1

), however in this initial 

observation the overall growth was not affected. Of special interest is the only double 

mutant fkbp202/fkbp16-3 which exhibits remarkable growth defects under normal 

conditions (Fig. 3.9A). In line with the stunted growth phenotype in the fkbp20-2 mutant, 

the double mutant is even smaller in size (Fig. 3.9A). Also, in a preliminary analysis the 

overall photosynthetic capabilities in this double mutant were further compromised 

compared to either of the single mutants (Fig. 3.9B). Thus, it seems that these two FKBPs 

might somehow have related or partially overlapping functions, in which FKBP20-2 

plays a more critical step thus destabilizing the system in its absence. While FKBP16-3 is 

presumably playing a minor role, which can only be manifested in absence of FKBP16-3 

with other proteins such in this case with FKBP20-2. More hints to their potentially 

related functions come from the yeast two-hybrid screens (Fig 3.10). A screen for partner 

proteins yielded physical interaction of FKBP16-3 with CYP47 and FKBP20-2 with 

CP43 (Fig 3.10). Both CP47 and CP43 are subunits of the core complex of PSII. 

Assembly of PSII is highly coordinated and occurs through a number of distinct assembly 

intermediates. The assembly of this multi-protein complex initiates with formation of the 

reaction center complex (composed of D1 and D2), followed by association of 

CP43/CP47 subunits, and subsequent integration of smaller subunits and the assembly of 

the water-splitting complex (For detailed review see Rochaix 2011; Nixon et al., 2010). 

Lima et al reported fkbp20-2 affects PSII assembly although the mechanism remains 

unresolved. The assembly of PSII multi-protein complex is a coordinated process 

involving a number of proteins in which most remain to be discovered. Thus, the 

generation of the fkbp16-3/fkbp20-2 double mutant may add an important piece of 

information how these proteins coordinate to maintenance/assemble PSII.  
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 As discussed in Chapter II, several chloroplast immunophilins might be under 

redox regulation. For instances, it has been shown that AtFKBP13 and AtCYP20-3 are 

redox regulated (Gopalan et al., 2004; Dominguez-Solis et al., 2008). Both FKBP20-2 

and FKBP16-3 have at least one pair of cysteine residues, which affect the CP43 and 

CP47 interaction in Y2H when mutated, respectively (Fig. 3.10, Table 3.2). It is 

intriguing that FKBP16-3 no longer interacts with CYP47 when one of the cysteine 

residues is mutated. By contrast, a similar mutation in FKBP20-2 did not abolish its 

interaction with CYP43 but further stabilized the interaction with CYP47. 

Complementation studies in the double mutant using mutated version would clarify the 

significance of this redox regulation at the physiological level.  

 Here, our work gives a good example to support the hypothesis that chloroplast 

immunophilins tend to have overlapping functions in a certain physiological process. 

This functional redundancy could also partially explain why there are so many 

immunophilins in a relatively small proteome of the plant chloroplast. Future efforts will 

be directed to elucidate the detailed function of all the immunophilins and their target 

proteins through a genetic analysis of multiple mutants, couple with biochemical and 

molecular studies. 

 

 

 
Table 3.1 List FKBPs single and double mutants screened for phenotypes. 

 

 
  *T-DNA lines identification number are in parenthesis and were obtained from  

                              the Arabidopsis resource center (Columbus, Ohio).
a
 Lima et al., 2006. 

b 
Pheno- 

                              type only observed under continuous high light conditions (> 300 μmol.m
-2

.s
-1

) 

 

 

 

 

 

T-DNA single mutants Phenotype

fkbp16-3 (SALK_026390C) No

fkbp16-4  (SALK_099864) No

fkbp17-1 (SALK_080914C) No

fkbp20-2 (SALK_134696) smaller plants/PSII assembly.
a

T-DNA double mutants Phenotype

fkbp16-3/fkbp16-4 No

fkbp16-3/fkbp20-2 Light yellow/smaller

fkbp20-2/fkbp16-4 No

fkbp20-2/fkbp17-1 Slightly pale in high light 
b

fkbp17-1/fkbp16-4 No

fkbp17-1/fkbp16-3 Slightly pale in high light
b
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Table 3.2 List of Arabidopsis FKBPs and their 

                                             respective number of cysteine residues. 

 
* Cysteine pairs either form in the N-terminal (NT)  

                                                        or C-terminal (CT) regions of the protein.  

 

 

 
Figure 3.9 fkbp20-2/fkbp16-3 exhibits stunted growth and overall photosynthetic efficiency is 

significantly altered. (A) 4-week old plant grown in long day conditions (16 hr light/8 hr dark). (B) 

Chlorophyll fluorescence analyses of WT and double mutant plants grown in greenhouse for four weeks.  
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Figure 3.10 FKBP20-2 and FKBP16-3 associate with CYP43 and CP47 respectively: DNA encoding 

mature FKBP202-2 or FKBP16-3 sequence was cloned into the BD containing vector. Mutated versions 

(cysteine to serine residue) of FKBP20-2 and FKBP16-3 were cloned as well. Each construct were used 

to screen a thylakoid membrane/lumenal mini-protein library in the Yeast-two-hybrid system. The growth 

of yeast, when transformed with these constructs, on selection media indicates protein–protein interaction 

of the corresponding proteins. 

 

 

 

3.5 PART IV-Materials and Methods 

 

 

 3.5.1 Plant Materials and Growth Conditions 

  Arabidopsis thaliana, ecotype Columbia-0, was used in these studies. The T-DNA 

insertion mutants for the respective genes were obtained from the Arabidopsis Resource 

Center (Columbus, OH): AtCYP37, SK5097 (stock CS100179); AtCYP28, SALK_ 

071190C; AtFKBP20-2, SALK_134696; AtFKBP16-3, SALK_026390C. Homozygous 

lines were isolated by confirming the T-DNA insert by PCR. RT-PCR was used to verify 

expression levels in homozygous plants. RNA isolation, cDNA synthesis, and RT-PCR 

were performed according to standard procedures. Null mutant was further confirmed 

with immunoblot analysis using an antibody against CYP37 and CYP28, respectively. 

For soil-grown plants, sown seeds were cold-treated for at least 3 days, and then 
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transferred to the indicated growth conditions. For plate-grown plants, seeds were 

surface-sterilized with isopropanol for 3 minutes and 50% bleach for 3 minutes and then 

washed 5 times with sterilized distilled water. The washed seeds were plated on 0.8% 

agar plates, containing half-strength MS medium with .5% sucrose, cold treated for 3 

days and then grown under same growth conditions as soil grown plants. 

 

 3.5.2 Chloroplast Isolation and Preparation of thylakoids 
  Thylakoid membranes were isolated as previously described (Fu et al., 2007). For 

Blue native gel, Arabidopsis leaf tissues were homogenized in ice-cold homogenization 

buffer (0.33M sorbitol/ 10mM EDTA/ 50mM Hepes, pH 8.0). The homogenate was 

filtered through two layers of Miracloth (Calbiochem, La Jolla, CA). The filtrate was 

centrifuged (at 8,000 x g for 5 min at 4°C). The pellet was re-suspended in 

homogenization buffer, overlaid on 40% Percoll solution (40%, wt/vol, Percoll / 330mM 

sorbitol/ 30mM Mops-KOH, pH 7.8/2 mM EDTA/2 mM ascorbate) and centrifuged (at 

8000 x g for 15 min at 4°C). Isolated thylakoids were resuspended in the same buffer to a 

final Chlorophyll concentration of 1 mg/ml. 

 

 3.5.3 Chloroplast Fractionation 
 10-20 grams of Arabidopsis leaves were harvested and chloroplast isolated as 

previously described (Lima et al., 2006). Further fractionation included washing and re-

suspension of intact chloroplast in 0.33M sorbitol/50mM Hepes, pH 8.0 buffer. 

Chloroplast were lysed with the following lysing buffer; 62.5 mM Tris-Cl, pH 7.5 2 mM 

MgCl, and incubated for 5 min on ice. Stromal fraction was obtained by centrifugation 

for 15 min at 4°C (14000 x g). In brief, thylakoid membrane fraction and lumenal 

fraction were obtained by pre-treatment with 0.1% DM and lysing buffer and 30 min 

centrifugation (Fu et al., 2007). 

 

 3.5.4 Blue Native PAGE and 2D-SDS PAGE 
  Blue native gel electrophoresis was performed as previously described (Lima et 

al., 2006; Fu et al., 2007). For 2D-SDS PAGE, lanes of blue native gel were excised with 

a razor blade and incubated in 2-X SDS sample buffer containing 5% β-mercaptoethanol 

for 15 minutes at 25 ºC and then for 15 minutes at 70 ºC. Each lane with denatured 

proteins was placed on top of a 12% SDS PAGE gel and subjected to second dimension 

separation. After electrophoresis, gels were stained with silver (Schwenkert et al., 2006). 

 

 3.5.5 Chlorophyll Fluorescence Measurement 

  Chlorophyll fluorescence was measured with a FMS2 fluorometer (Hansatech, 

Norfolk, UK) attached to intact leaves that had been dark adapted overnight or for 15 

minutes for plants that had been exposed to high light treatment. Plants were subjected to 

a saturating light pulse and then illuminated for a programmed series of 5-min periods of 

increasing light intensities. Between steps in actinic photon flux density, the minimum 

fluorescence in the light-adapted state (Fo´) was determined during a 1-s period of far-red 

illumination.  The maximum efficiency of PSII photochemistry (Fv/Fm) was defined as 
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(Fm-Fo)/Fm´. Efficiency of PSII electron transport, ΦPSII, was defined as (F’m- Fs)/F’m. 

F’m is the maximum flouresecence in any light-adapted states, Fs is the steady-state value 

of fluorescence immediately before the light flash, and Fm is the maximum fluorescence 

in the dark-adapted state. 

 

 3.5.6 Anthocyanin Measurements 
 Anthocyanins were extracted in water from leaves (0.1 grams) by grinding in 

liquid nitrogen. After centrifugation at 16,000g for 10 minutes, the supernatant was 

diluted with 0.4 M sodium acetate (pH 4.5) and 25 mM potassium chloride (pH 1.0). 

Total monomeric anthocyanin was measured by recording the A520 as described by Giusti 

and Wrolstad, 2001. 

 

 3.5.7 Yeast two-hybrid 
 DNA encoding mature protein sequence of CYP37, CYP28, FKBP20-2, FKBP16-

3, respectively, was cloned into a binding domain (BD) vector (pGBT9BS) and an 

activation domain (AD) vector (pGADGH). The resulting BD and AD constructs were 

selectively introduced into the yeast strain AH109 by a lithium acetate-mediated 

transformation method (Ito et al., 1983). Yeast transformants carrying both BD and AD 

vectors were initially selected on synthetic complete agar (SC)-Leu-Trp medium. To 

screen protein–protein interaction, exponentially grown yeast cells were harvested and 

adjusted to OD600 = 0.5 with sterilized double-distilled water and diluted 1/10, 1/100, 

and 1/1000. Five-microliter yeast cells were spotted onto the interaction selection media 

(synthetic complete agar-Leu-Trp-His and/or SC-Leu-Trp-His-Ade) to score growth as an 

indicator of protein–protein interaction (Li et al., 2006). To identify potential interaction 

partners for CYP37 in thylakoids, we constructed a chloroplast lumenal protein/domain 

yeast two-hybrid library. DNA fragments encoding experimentally identified lumenal 

proteins, predicted lumenal proteins (Peltier et al., 2002; Schubert et al., 2002), lumenal 

domains of PSII major proteins, low molecular mass subunits (Shi and Schröder, 2004; 

Loll et al., 2005), lumenal domains of photosystem I subunits (Amunts et al., 2007), and 

Cytb6f complex (Stroebel et al., 2003) were cloned into the AD vector pGADGH to form 

the mini-library. This library was screened against BD vectors harboring DNA sequences 

encoding mature proteins of the different immunophilins studied in this thesis. 

 

 3.5.8 Detection of Reactive Oxygen Species 
 For superoxide detection, 2-week-old plants grown on ½ MS media with .5% 

sucrose were vacuum-infiltrated with 0.1 mg/mL nitroblue tetrazolium in 25 mM Hepes 

buffer, pH 7.6. Samples were incubated at room temperature in the dark for 2 h. To 

remove chlorophylls, the stained samples were transferred to 80% ethanol and incubated 

at 70
ᵒ
C for 10 min.  
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4.1 General Summary 

 

 The overall aim of this thesis was to study the functions of immunophilins in the 

thylakoid lumen of chloroplasts using Arabidopsis as a model plant. Immunophilins 

constitute a ubiquitous and highly conserved family of proteins which are classified into 

two sub-families, namely FK506-binding proteins (FKBPs) and cyclosporine-binding 

proteins (cyclophilins, CYPs). Genetic and biochemical studies have identified 

immunophilin homologs from a wide variety of organisms including plants.  

Immunophilins are present in various subcellular compartments. Specifically, 

immunophilins are a significant component of the chloroplast proteome. For instance, of 

52 immunophilins present in A. thaliana, 16 are in the chloroplast thylakoid lumen 

suggesting that these proteins play essential roles in this relatively uncharacterized 

subcellular compartment. Indeed, current studies indicate chloroplast immunophilins 

serve as critical players in the maintenance/stability of photosynthetic complexes. 

However, more than one third of these proteins await characterization. Thus, we began 

this thesis work with the goal of contributing to our understanding of these proteins in the 

thylakoid lumen. 

 Firstly, through phylogenetic analysis we investigated the evolutionary 

relationships of chloroplast immunophilins across plant genomes ranging from 

cyanobacteria and green algae to higher plants. Altogether, we collected 50 cyclophilins 

and 73 FKBPs in various plant species. Phylogenetic tree construction revealed a well 

conserved evolutionary relationship among the respective groups of orthologs. Minor 

discrepancies were observed such as homolog duplications in the moss or missing 

homologs in rice and poplar. A hypothesis for this “random” duplication might be the 

result of key functions carried out by these specific proteins. For instance, CYP38 is 

required for PSII assembly in Arabidopsis, and moss contains three orthologs of this 

protein. Also, we only identified two CYPs, but no FKBPs in cyanobacteria thylakoids, 

suggesting a significant diversification of these proteins during the evolution from 

cyanobacteria to land plants. These results indicate chloroplast immunophilins are 

structurally conserved from green algae to higher plants, which could imply conserved 

functions as well. 

 Secondly, we took a reverse genetic approach to elucidate the functions of 

Arabidopsis immunophilins. In particular, we focused on the functional analysis of the 

thylakoid lumen-localized CYP37, which was up-regulated by high light. Plants lacking 

CYP37 were “insensitive” to high light stress and showed delayed accumulation of 

anthocyanins. Molecular evidence indicates that CYP37 interacted with PsbM and/or Cyt 

f; however, photosynthetic complex assembly was not significantly affected in the 

mutant. Our results suggest that CYP37 might be functioning in light stress response.  

 Additionally, in this thesis we characterize several other chloroplast 

immunophilins such as AtCPY28. Although we confirmed its localization in the 

thylakoid lumen, loss of function mutant did not show any detectable phenotype under a 

number of stress treatments such as high light and ROS. Proteins in the thylakoid lumen 

are involved in a wide variety of functions and conditions. Thus, CYP28 may be required 
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only under specific conditions not tested in this study or it is functionally redundant with 

other immunophilin proteins.  

 Lastly, to provide some evidence of potential redundancy among the chloroplast 

immunophilins, we generated a collection of AtFKBP double mutants from the following 

single mutants: Atfkbp16-3, -16-4, 17-1, and -20-2. Surprisingly, only one double mutant 

(fkbp20-2/fkbp16-3) displayed an obvious phenotype. Growth and photosynthetic 

efficiency in this double mutant were greatly impaired. Furthermore, molecular evidence 

using Y2H indicate that FKBP20-2 and FKBP16-3 target PSII subunits CP43and CYP47, 

respectively. Taken together, our results indicate these two FKBP might have partial 

functional redundancy as both might be implicated in the initial step of PSII assembly by 

their interaction with CYP43/CP47. 

 In conclusion, the work presented in this thesis supports the hypothesis that 

chloroplast immunophilins have strong functional redundancy in regulation of 

photosynthesis-related processes including the assembly of photosynthetic complexes and 

adaptation to various light intensities in the natural environment.     
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