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ABSTRACT 

Photosynthesis converts solar energy into the biological sources of energy for the life on 

our planet. Photosystem I (PSI) is one of the two reaction centers of oxygenic photosynthesis. 

PSI is a multiheteromeric membrane-protein complex that catalyzes light-driven electron 

transfer from plastocyanin or cytochrome Cg to ferredoxin. The PsaA and PsaB subunits form 

the heterodimeric core that harbors the primary electron donor P700. On the oxidizing side of 

the PSI complex, plastocyanin or cytochrome Cg donates electrons to the P700 reaction center. 

The objective of this dissertation is to identify elements of molecular recognition on the 

oxidizing side of PSI. 

To identify PSI regions that are exposed on the luminal oxidizing side, the topography of 

the PSI complex from Synechocystis sp. PCC 6803 was examined by biochemical analyses. 

These studies indicated that the H and J luminal loops of the core proteins were the most logical 

candidates for hydrophobic mteractions with the donor proteins. To test this hypothesis, site-

directed mutations were generated in these loops. Biochemical characteristics of these mutants 

provided evidence for interactions between the electron donor proteins and a luminal surface 

helix in the J loop of the PsaB protein. Sections of the H loop of PsaB plays an important role 

in the structural integrity of the PsaB protein. The N-terminal lysine-rich region of PsaF in 

eukaryotic PSI complex has been proposed to provide a binding site for plastocyanin and 

cytochrome Cj through electrostatic interactions. Chimeric PsaF proteins containing the lysine-

rich region of spinach PsaF were produced in Synechocystis sp. PCC 6803 cells through 

mutagenesis. Cross-linking and functional studies showed that the lysine-rich region of 

spinach PsaF protein is sufficient for binding of donor proteins, but not for the electron 

transfer within the intermolecular complex. The results in this dissertation revealed the 

structural basis for the molecular recognition on the oxidizing side of PSI. 
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CHAPTER 1. GENERAL INTRODUCTION 

Photosynthesis is one of the most important biological processes on the Earth. By 

converting the solar energy into the chemical energy, photosynthesis nourishes the living world 

directly or indirectly. In oxygenic photosynthesis, cyanobacteria and the chloroplasts of plants 

and algae harvest the light energy to release oxygen from water and to make carbohydrates by 

reducing carbon dioxide. During the light-driven reactions of photosynthesis, photosystem I 

and n (PSI and PSII) capture photons and utilize the energy to transfer electrons from water to 

NADP through three membrane-bound complexes: PSII, cytochrome bgf and PSI. The 

photosynthetic electron transfer produces NADPH and a proton gradient across the thylakoid 

membranes, which is used for ATP synthesis by ATP synthase. NADPH and ATP are used to 

reduce carbon dioxide and to produce carbohydrates. 

PSI is a multisubunit membrane-protein complex that catalyzes light-driven electron 

transfer from the reduced plastocyanin in the thylakoid lumen to the oxidized ferredoxin in the 

chloroplast stroma or cyanobacterial cytoplasm (Chitnis, 1996; Fromme, 1996). Purified 

cyanobacterial PSI complex contains at least eleven subunits and approximately 12-16 p-

carotenes, two phylloquinones, and three [4Fe-4S] clusters. The cyanobacterial PSI complex 

also binds 89 chlorophyll a molecules, 83 of which constitute a core antenna system (KrauB et 

al., 1996; Schubert et al., 1997). The PsaA and PsaB subunits form the heterodimeric core that 

harbors most of the cofactors including the P700 reaction center, which is a dimer of 

chlorophyll a molecules. The PsaC, PsaD, and PsaE subunits are peripheral proteins 

constimting the reducing side of the PSI complex. The PsaP, Psal, PsaJ, PsaK, PsaL, and 

PsaM subunits are integral membrane proteins. Among them, the PsaF protein contains a large 

N-terminal luminal domain. 

In the photosynthetic electron transfer chain, electrons are transferred from the cytochrome 

fe/complex to the PSI complex via the soluble electron carrier proteins. In the chloroplasts of 

higher plants, plastocyanin is the only electron carrier protein whereas some cyanobacteria and 

green algae contain cytochrome Cg as an alternative electron carrier protein depending on the 

relative availability of copper and iron in the culture medium (Hatanaka et al., 1993; Ho and 

Krogman, 1984; Kerfeld and Krogmaim, 1998; Wood, 1978). The electron carrier proteins in 

the lumen are oxidized by the P700* reaction center. Thus, the donor proteins interact with PSI 

on the oxidizing side of the PSI complex. 

The interactions between the donor proteins and PS I have been studied by monitoring the 

P700 rereduction kinetics with transient absorption spectroscopy. The interaction of 
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plastocyanin with plant PSI shows a fast kinetic step, indicating the first-order electron transfer 

within a complex of plastocyanin and PSI, and a slow phase attributed to the bimolecular 

reaction between plastocyanin and PSI (Bottin and Mathis, 1985; Haehnel et al., 1980; 

Ratajczak et al., 1988). The PSI-mediated oxidation ot algal plastocyanin or cytochrome also 

takes place with a multi-step kinetic mechanism (Diaz et al., 1994; Hervds et al., 1992; Hervds 

etal., 1995). In contrast, kinetic analysis of cytochrome Cg and plastocyanin oxidation by PSI 

of some cyanobacteria shows the absence of a fast phase, suggesting a one-step bimolecular 

collision mechanism (Hervds etal., 1994; Hippleref a/., 1996; Xu etal., 1994b). 

The interactions between donor proteins and PSI are highly specific. The specificity is 

because of precise molecular recognition elements in the interacting proteins. The molecular 

recognition sites in the donor proteins have been identified. Examination of the structures of 

plastocyanin and cytochrome Cg reveals the presence of a conserved hydrophobic surface and a 

conserved negative region (Frazao et al., 1995; Navarro et al., 1997). The hydrophobic surface 

and its flat structure are required for the association and electron transfer to PSI (Haehnel et al., 

1994; Nordling et al., 1991). The negative region has a significant role in the binding of 

plastocyanin to PSI (Hippler et al., 1996; Lee et al., 1995). Thus, the interactions between 

donor proteins and eukaryotic PSI involve the electrostatic interaction for the complex 

formation and the hydrophobic interaction that is crucial for the electron transfer. 

On the oxidizing side of PSI, the luminal extramembrane loops of the core proteins and the 

large N-terminal domain of the PsaF subunit may interact with the donor proteins. A lysine-

rich region is well conserved among plant and algal PsaF, but not found in cyanobacterial PsaF 

(Chitnis et al., 1991). Mutagenesis (Farah et al., 1995) and cross-linking (Hippler et al., 1996) 

studies have suggested that the N-terminal lysine-rich region of the chloroplast PsaF may 

interact with the negative region of plastocyanin through electrostatic interaction. However, the 

cyanobacterial PsaF is not required in the interaction of PSI with plastocyanin or cytochrome Cg 

(Chitnis etal., 1991; Xu etal., 1994a; Xu etal., 1994b; Hatanaka et al., 1993). Therefore, 

plastocyanin and cytochrome contact the PsaA and PsaB core proteins directly. The luminal 

extramembrane loops of PsaA and PsaB are likely candidates to provide the hydrophobic 

interaction with donor proteins for the electron transfer. The molecular recognition sites in the 

PSI complex need to be further identified. 

Based on our current understanding of electron transfer to PSI, we propose the following 

recognition elements in the interactions on the oxidizing side of PSI: 

ij|c The luminal loops of PsaA and PsaB provide surfaces for hydrophobic interactions 

with the donor proteins for the electron transfer. 
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ii4(The N-terminal luminal domain of the chloroplast PsaF provides residues for 

electrostatic interactions with the eukaryodc donor proteins for the initial complex 

formation. 

To test these hypotheses, common approaches include computational modeling, co-

crystallization, and mutagenesis. Because of the lack of high-resolution structure for PSI 

complex and the extreme difficulties in membrane protein crystallization, mutagenesis provides 

a good tool to study the structural basis for the interactions on the oxidizing side of PSI. In this 

dissertation, site-directed mutagenesis and biochemical analyses in the model system 

Synechocystis sp. PCC 6803 were used to examine the roles of the luminal loops of PsaB and 

the N-terminal domain of PsaF in the molecular recognition with the donor proteins. These 

studies will benefit our understanding of the interactions on the oxidizing side of PSI. 

Organization of Dissertation 
The dissertation includes five manuscripts. It starts with the "General Introduction" 

followed by a literature review entitied "Photosystem I", which is a book chapter in Plant 

Physiology, Biochemistry and Molecular Biology edited by A. Hemantaranjan and published 

by Scientific Publishers, Jodhpur. To identify which of the luminal loops of PsaA and PsaB 

are the best candidates for interactions with the donor proteins, topography of the PSI core 

proteins was examined. This work was published as die paper 'Topography of the 

photosystem I core proteins of the cyanobacterium Synechocystis sp. PCC 6803" in the 

Journal of Biological Chemistry, 111, 21793-21802, (1997). With the structural and 

topographic information, the H and J luminal loops of the PsaB protein were selected for 

mutagenesis studies. Mutational studies on the J loop of PsaB were summarized in the paper 

"Oxidizing side of cyanobacterial photosystem I: Evidence for interaction between the electron 

donor and the luminal J loop of the PsaB protein" published in the Journal of Biological 

Chemistry, 21 A, 19048-19054, (1999). Mutational studies on the H loop of PsaB resulted in 

another manuscript "Oxidizing side of cyanobacterial photosystem I: Mutational analysis of the 

luminal H loop of the PsaB subunit" that has been submitted for publication. Studies on the 

role of the N-terminal domain of plant PsaF are described in the manuscript "Oxidizing side of 

photosystem I: The lysine-rich region of plant PsaF is sufficient for binding of the donor 

proteins, but not for the electron transfer within the intermolecular complex". This manuscript 

has been prepared for submission to a professional journal. 

In addition, several other studies are also included as appendices in this dissertation. The 

biochemical methods used in these studies were summarized as the paper "Isolation and 

functional study of photosystem I subunits in the cyanobacterium Synechocystis sp. PCC 
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6803" that was published m Methods in Enzymology, 297, 124-139, (1998). Appendix B 

contains summary of the paper "Structural features and assembly of the soluble overexpressed 

PsaD subunit of photosystem I" that was published in Biochimica et Biophysica Acta, 1410, 7-

18, (1999). Appendix C contains the summary of the manuscript "The accumulation of the 

photosystem I complex in transformant Synechocystis sp. PCC 6803", which will be 

submitted to a professional journal. 
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CHAPTER 2. PHOTOSYSTEMI 

A book chapter published in Plant Physiology, Biochemistry and Molecular Biology 

edited by A. Hemantaranjan, pubhshed by Scientific Publishers, Jodhpur 

Jun Sun and Parag R. Chitnis 

1. Introduction 

All living systems require energy and the Sun is the ultimate source of energy for life on the 

Earth. By converting the solar energy into the chemical energy, photosynthesis is undoubtedly 

one of the most important biological processes. In oxygenic photosynthesis, cyanobacteria and 

the chloroplasts of plants and algae harvest the light energy to release oxygen from water and 

make carbohydrates by reducing carbon dioxide. Oxygenic photosynthesis nourishes almost all 

living world direcdy or indirectly. During the light reactions of oxygenic photosynthesis, the 

energy of photons is captured by photosystem I and II (PSI and PSH) and the energy is used 

for the photosynthetic electron transfer to yield strong reductants and a proton gradient across 

the thylakoid membranes. Electrons are transferred from water, the primary electron source, to 

ferredoxin and then the final electron acceptor NADP through the electron transfer chain which 

contains three membrane-protein complexes, PSII, cytochrome fc/ complex, and PSI. In 

addition to the strong reductant, the electron transfer generates a proton gradient across the 

membrane. ATP synthase, which is located in the thylakoid membranes, utilizes the proton 

gradient to synthesize ATP. NADPH and ATP are used to reduce carbon dioxide and to 

produce carbohydrates by enzymes of the dark reactions of photosynthesis. 

PSI is a multisubunit membrane-protein complex that catalyzes electron transfer from the 

reduced plastocyanin in the thylakoid lumen to the oxidized ferredoxin in the chloroplast stroma 

or cyanobacterial cytoplasm (Chitnis, 1996; Chitnis et al., 1995b; Fromme, 1996; Golbeck, 

1994). In cyanobacteria, plastocyanin and ferredoxin can be replaced by cytochrome Cg and 

flavodoxin, respectively, depending on the nutritional conditions. Purified cyanobacterial PSI 

complex contains at least eleven different proteins: the core proteins (PsaA and PsaB), three 

peripheral proteins (PsaC, PsaD, and PsaE) on the stromal side and six integral membrane 

proteins (PsaF, Psal, PsaJ, PsaK, PsaL, and PsaM). Chloroplast PSI contains three additional 

proteins: one stromal peripheral protein (PsaH), one lumenal peripheral protein (PsaN), and 

one integral membrane protein (PsaG). These PSI proteins, their characteristics and their 

functions are listed in Table 2-1. The PsaA and PsaB proteins form the heterodimeric core 

around which other proteins are organized to form the complex (Fig. 2-1). The PSI complex 
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also contains approximately 100 chlorophyll a molecules, 12-16 p-carotenes, two 

phylloquinones, and three [4Fe-4S] clusters. These cofactors are bound to the PsaA, PsaB, 

and PsaC proteins. During the photosynthetic electron transfer across the thylakoid membrane, 

electrons are transported from the electron donor plastocyanin to the P700 reaction center, 

which is a dimer of chlorophyll a molecules, then through a chain of electron acceptors: a 

chlorophyll a monomer A,,, a phylloquinone A^, [4Fe-4S] cluster F^, F^^, and F^, finally to the 

electron acceptor ferredoxin (Fig. 2-2). The energy for the excitation of the P700 reaction 

center is provided by the photons absorbed by the antenna chlorophyll a molecules of PS I as 

antenna and by the associated membrane-embedded light-harvesting complexes (LHCI). PSI 

converts the energy of photons into chemical energy with a remarkable quantum efficiency of 

39 to 44%. 

In the past 10 years, multidisciplinary research efforts have led to characterization of the 

components, the electron transfer reactions, and the structure of PSI complex. In this chapter, 

we will discuss recent progress in the understanding of the function and structure of PSI 

complex. Detailed discussion of LHCs proteins, the electron transfer and redox cofactors in 

PSI, the structure of PSI, and the regulation of PSI genes can be found in the recent reviews 

(Brettel, 1997; Chitnis, 1996; Chitnis, 1997; Fromme, 1996; Green and Dumford, 1996; Ort 

and Yocum, 1996). 

2. Function of Photosystem I 

PSI is a unique light-driven generator of the reducing power. PSI functions with PSn in a 

linear electron transport pathway to generate strong reductants, the reduced ferredoxin and 

NADPH. The products of PSI are among the most electronegative reductants in a biological 

system. These reductants are used in diverse biochemical processes, including Calvin cycle, 

nitrite reduction to ammonia, fatty acid desaturation, pyruvate decarboxylation, glutamate 

synthesis, sulfite reduction, and enzyme regulation through reduced thioredoxin. Thus, PSI 

plays a vital role in cyanobacteria and chloroplast metabolism. PSI also participates in the PSII-

independent cyclic electron transport pathway which results in proton pumping and ATP 

synthesis. 

2.1. Linear electron transfer 

In the linear electron transfer, PSI and PSn function according to the Z-scheme. The PSII 

and PSI reaction centers form the light-driven uphill sections where the energy of a photon is 

used to increase the reducing ability. The electron transport between the two photosystems 

involves cytochrome b/ complex. Among these three integral-membrane complexes, the 
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electron transfer is linked by mobile electrcn carriers; plastoquinone transfers electrons from 

PSn to the cytochrome fc/complex which, in turn, donates electrons to PSI via plastocyanin. 

The distribution of the photosynthetic complexes in the thylakoid membranes has been 

revealed by freeze-fracture electron microscopy. In chloroplasts, PSI is mainly located in the 

unstacked stroma lamellae, where contact with the stroma provides easy access to ferredoxin 

and NADP*". PSn occurs almost exclusively in the closely stacked grana whereas cytochrome 

b/ complex is uniformly distributed throughout the membrane (Staehelin and van der Staay, 

1996). The mobile electron carriers plastoquinone and plastocyanin shuttle electrons between 

these membrane complexes. Similarly, PSI in cyanobacterial thylakoid membranes is spatially 

distributed in a radial asymmetric fashion, with higher concentration in the outermost 

thylakoids of a cyanobacterial cell (Sherman et al., 1994). The ATP synthase, utilizing the 

proton gradient to generate ATP, found only in unstacked regions. The physical separation of 

PSI and PSn eliminates the possibility that the higher excitation energy of PSn transfers to PSI 

(Trissl and Wilhelm, 1993). 

To increase the effective absorption of the solar light for energy conversion, photosynthetic 

organisms have evolved various antenna systems. The PSI and PSn complexes contain 

integral core antenna systems with about 100 and 50 chlorophyll a molecules, respectively. The 

intrinsic antenna is complemented by light harvesting systems, such as the stromal extrinsic 

phycobilisomes mainly bound with PSn in cyanobacteria and the membrane-intrinsic LHCs in 

the chloroplasts of algae and higher plant. The physical separation of PSI and PSn also permits 

the chloroplast to respond to changes in illumination. The high illumination results in a 

predominant pool of reduced plastoquinone which, in turn, activates a protein kinase to 

phosphorylate specific threonine residues of the LHCs of PSn. The phosphorylated LHC H 

complexes migrate to the unstacked regions of the thylakoid membrane and transfer excitation 

energy to PSI. Under low illumination, the accumulation of oxidized plastoquinone results in 

the dephosphorylation of LHCs, which migrate to the stacked portions of the thylakoid 

membrane where they bind to PSn (Staehelin and Aratzen, 1983; Staehelin and van der Staay, 

1996). 

In the linear electron transfer, PSI is involved in three steps of electron transfer: (1) from 

plastocyanin to the oxidizing side of PSI, (2) within the PSI complex, (3) from the reducing 

side of PSI to ferredoxin. 
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2.1.1. Interactions on the oxidizing side 

On the lumenai side of thylakoid membranes, PSI accepts electrons from plastocyanin. In 

cyanobacteria and algae, cytochrome r, can serve as an alternative electron donor to the P700 

reaction center. 

The interaction of plastocyanin with PSI has been studied by using transient absorption 

spectroscopy which can monitor the P700 rereduction kinetics in vivo or in vitro. The time 

course of P700* reduction using the plant PSI complexes shows two dominant kinetic 

components. A fast phase with of 12-14 ^s and a second slower phase with variable t,/, of 

100 - 200 ^is, depending on the concentration of PC (Bottin and Mathis, 1985; Haehnel et al., 

1980). The fast rate can be attributed to the first-order electron transfer within a complex 

between plastocyanin and PSI. The slower phase may represent a distant plastocyanin 

population (Ratajczak et al., 1988). The half-life of the slow component decreases with the 

increasing concentration of plastocyanin and is attributed to the bimolecular reaction between 

PSI and plastocyanin. The PSI-mediated oxidation of algal plastocyanin or cytochrome Cg also 

takes place with a two-step kinetic mechanism (Diaz et al., 1994; Hervas et al., 1992a). In 

contrast, laser flash kinetic analysis of cytochrome and plastocyanin oxidation by PSI of 

Synechocystis shows the absence of the fast reduction phase, suggesting an apparent one-step 

bimolecular collision mechanism (Hervas ef a/., 1994; Hippler g/a/., 1996; Xu etal., 1994e). 

At physiological pH, cytochrome Cgis more efficient than plastocyanin in donating electrons to 

the cyanobacterial PSI; the basis for this difference is not understood (Hervas et al., 1994; 

Hippler et al., 1996; Medina et al., 1993). Extensive spectroscopic and thermodynamic 

analysis of interactions between PSI and plastocyanin/cytochrome Cg from different sources 

demonstrated that the PSI of plants, algae and cyanobacteria interact differently with the soluble 

proteins obtained from these sources (Hervas et al., 1995; Hervas et al., 1996). This work 

indicates a multi-step reaction mechanism of electron transfer in plant and algal proteins while 

cyanobacteria have a simpler mechanism (Hervas et al., 1995). The structural basis for these 

different electron transfer mechanisms still needs to be demonstrated. The binding of a new 

reduced plastocyanin with the PSI complex requires dissociation of the oxidized plastocyanin. 

The dissociation constant for oxidized plastocyanin is six times larger than that of 7 pM found 

for reduced plastocyanin. Similarly, of PSI-bound plastocyanin is 50-60 mV higher than the 

at +370 mV of the soluble plastocyanin (Drepper et al., 1996). Therefore, the driving force 

for the intracomplex electron transfer is decreased in favor of an optimized tumover of PSI. 

Plastocyanin is a type I copper protein containing about 99 amino acids (Gross, 1996). The 

petE gene for plastocyanin is located in nucleus of higher plants and green algae. The amino 

acid sequences of plastocyanin firom a large number of organisms are known. A high sequence 
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homology is observed in plants and green algae whereas cyanobacterial plastocyanins show a 

lower amino acid conservation. The invariant residues include the four ligands to the copper 

atotn, H37, H87, C84, and M92, as well as Y83. Plastocyanin is acidic in higher plants and 

green algae whereas it is neutral or basic in cyanobacteria (Navarro et aL, 1997). 

Both crystal and solution structures of plastocyanin from different sources have been 

solved. Plastocyanin possesses a global fold formed by p-barrel structure, with the copper 

center coordinated by H37, H87, C84, and M92 in the northem end of the molecule. Two 

conserved regions have been identified as recognition and binding sites at the surface of the 

molecule, a flat hydrophobic region including the copper ligand H87 and a negative region of 

two parches adjacent to Y83. While Y83 is involved in the electron transfer from cytochrome / 

(He et aL, 1991), the electrons are transferred to P700'^ via H87 (Haehnel et aL, 1994; 

Nordling et al., 1991). Site-directed mutagenesis has shown that the hydrophobic region 

containing L12 on the surface of the spinach plastocyanin is cmcial for the association and for 

electron transfer to PSI (Nordling et aL, 1991). When GIO or A90 in the flat hydrophobic 

surface around the copper ligand H87 of spinach plastocyanin were replaced by leucine, a 

bulky hydrophobic residue, the formation of die plastocyanin-PSI complex was abolished. 

Therefore, these two residues are part of the flat structures required for the docking of 

plastocyanin on PSI and for the efficient electron transfer from plastocyanin to P700^ (Haehnel 

et al., 1994). In contrast, Y83 mutations in plastocyanin affect electron transfer from 

cytochrome / (He et aL, 1991) or from cytochrome c (Modi et al., 1992), but not to PSI 

(Sigfridsson etaL, 1995). Site-directed mutations in two highly conserved negative patches on 

the surface of plant plastocyanin suggests that the 42-45 patch has a significant role in 

determining the electron transfer rate to P700, while mutations in the 59-61 patch changed the 

redox potential of plastocyanin (Hippler et al., 1996; Lee et aL, 1995). Therefore the binding 

of plastocyanin to PSI involves both electrostatic and hydrophobic interactions. The former 

may be involved in initial docking whereas the latter may be more crucial during electiron 

transfer. 

Cyanobacteria and algae have cytochrome as an altemative electron donor to P700 

depending on the availability of copper in the culture medium (Morand et aL, 1994). 

Cytochrome Cg is a heme-containing protein of 83 - 89 amino acids with a redox potential of 

+350 mV. The pet! gene coding for cytochrome is also present in nucleus of green algae. 

Like plastocyanin, cytochrome Cg is acidic in green algae and can be either acidic, neutral, or 

basic in cyanobacteria. Examination of cytochrome structure reveals the presence of a 

hydrophobic surface and a negative patch (Beissinger et aL, 1998; Frazao et aL, 1995; Kerfeld 

et aL, 1995). The negative region is conserved in eukaryotic but not in prokaryotic organisms. 
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Therefore, plastocyanin and cytochrome Cg proceeded a convergent evolution in which different 

proteins have adapted to carry out the same physiological function. The evolution also led the 

substitution of the old heme protein by the recent copper protein. 

Different reaction mechanisms of electron transfer from plastocyanin to PSI complexes of 

higher plants, algae and cyanobacteria corresponds with the requirement of PsaF in these 

interactions. The PsaF-less mutant of Chlamydomonas reinhardtii shows dramatic reduction in 

the rate of electron transfer to P700* (Farah et al., 1995). In contrast, the PsaF-deficient mutant 

strains of Synechocystis sp. PCC 6803 do not show any defect in their photoautotrophic 

growth, cytochrome c^-dependent NADP* photoreduction activity or P700^ rereduction kinetics 

(Chitnis etal., 1991; Xu et al., 1994c; Xu et al., 1994e). Cross-linking studies indicated that 

plastocyanin can be cross-linked to the N-terminal lysine-rich region of chloroplast PsaF, 

which is not found in the cyanobacterial PsaF (Hippler et al., 1996). Thus, the interactions 

between the plant PSI and plastocyanin includes initial electrostatic interactions between the N-

terminal domain of PsaF and the conserved negative patches of plastocyanin followed by 

accurate docking of plastocyanin through hydrophobic interaction with the PSI core proteins. 

Therefore, some luminal extramembrane loops of PsaA and PsaB may provide die 

plastocyanin-docking site. 

Crystallographic studies show that the lumenal side of PSI is flat with 10 A protrusion 

beyond the membrane boundary. There is a 3 nm deep indentation in the center, perhaps 

caused by a partial separation between PsaA and PsaB where plastocyanin can dock during 

electron transfer (Boekema et al., 1994; Fromme et al., 1994). Two a-heiices lie parallel to the 

membrane plane near P700 chlorophyll dimer. These helices are analogous to similar helices 

seen in the purple bacterial reaction center (Deisenhofer and Michel, 1991; Fromme et al., 

1994). These helices may provide a hydrophobic docking region interacting with the 

hydrophobic surface of plastocyanin. 

2.1.2. Electron carriers of the PSI complex 

The electron transfer within the PSI complex involves a series of electron carriers with 

increasing electronegative redox potentials from -1290 to -530 mV. Here we describe 

characteristics of the redox centers in the PSI complex. 

2.1.2.1. P700 

P700 is a dimer of chlorophyll a molecules oriented perpendicular to the thylakoid 

membranes (Rutherford and Setif, 1990). Upon transfer of excitation energy from the core 

antenna system, the primary electron donor P700 undergoes charge separation, producing 

P700*. The estimated -1290 mV midpoint potential of the excited P700* is the most 
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electronegaiive redox center detected so far in a biological system (Golbeck and Bryant, 1991). 

The reaction center of PSI exhibits a characteristic bleaching at approximately 430 and 700 nm 

after photochemical oxidation (Kok, 1957); hence it is termed as P700. The photooxidation of 

P700 occurs at high quantum yield (Setif and Mathis, 1986). The P700 chlorophyll molecules 

are liganded by histidyl residues (Mac et al., 1996). The E„ of the P700 center is approximately 

+500 mV (Setif and Matiiis, 1980). The electron lost by P700 is gained by oxidizing 

plastocyanin (see the section 2.1.1). 

In tile crystal structure of PSI, a pair of chlorophyll a molecules are assigned as the primary 

reaction center (KrauB et al., 1996; Schubert et al., 1997). They are parallel to the two-fold 

axis with a plane-to-plane distance of 3.8 ± 0.5 A and a center-to-center distance of 7.5 ± 1.0 

A. These chlorophyll molecules are separated from the lumen by about 10 to 15 A. 
2.1.2.2. AO 

The charge separation of P700 is stabilized by spatial displacement of electrons through a 

series of low potential redox centers. The primary acceptor A^, is reduced to the anion form 

upon transfer of an electron from the excited P700. The accumulated A,,' in die light at 

physiological temperature was seen as bleaching at 692 nm (Nuijs etal., 1986; Shuvalov et al., 

1979). Time resolved kinetic experiments have shown that the spectrum of reduced with a 

bleaching at 686-688 nm can be observed only when high intensity light flashes are used 

(Hastings et al., 1994b; Holzwarth et al., 1993). In the blue region of tiie spectrum. A,, 

reduction leads to bleaching with two valleys at 412 and 438 nm (Warren et al., 1993a). These 

optical experiments and electron paramagnetic resonance (EPR) measurements at cryogenic 

temperatures have indicated that AQ is a chlorophyll a monomer (Brettel and Setif, 1987; Furrer 

and Thumauer, 1983). An inoinsic time constant of 1-2 ps has been estimated for the radical 

pair formation (Hastings et al., 1994a; Hecks et al., 1994; Holzwarth et al., 1993). Time-

resolved kinetic measurements on \ have been done under conditions where the PSI electron 

acceptors are in die oxidized state prior to light activation (Hastings et al., 1994a; Hastings et 

al., 1994b). The spectroscopy experiments have supported identity of A^, as a monomeric form 

of chlorophyll a. 

In the 4 A structure of PSI, there are four chlorophyll molecules arranged in two-fold 

symmetrical positions between P7(K) chlorophyll pair and the Fe-S cluster (KrauB et al., 

1996; Schubert et al., 1997). A pair of chlorophyll a molecules positioned 16 A from P700 

towards the stiroma is approximately half-way between P700 and F^. By analogy to the 

positions of bacteriopheophytins in the photoreaction center of the purple bacteria, at least one 

of them is assumed to be equivalent to the spectroscopically characterized primary acceptor AQ. 

Another pair of chlorophyll a monomers arc located approximately half-way between P700 and 
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the \ equivalent chlorophyll molecules. They are assigned as accessory chlorophylls. Thus 

there are two possible branches of electron transfer pathway between P700 and F^. It is not 

known if only one or both sides of possible electron transfer pathway are used during the PSI 

function. It is also not known what is the role of the accessory chlorophylls in the electron 

transfer. 

2.L2.3. Ai 

During electron transfer in PSI, A, serves as an intermediate electron transfer center that 

oxidizes and reduces A^ can be detected and characterized using different criteria. An 

electron spin polarized transient EPR signal is shown to arise from the radical pair P700*A,' 

(Rustandi etal., 1990; Snyder er ai, 1991; Thumauer and Gast, 1985). Flash induced optical 

transients can be assigned to the reoxidation of A| (Brettel, 1988; Mathis and Setif, 1988; Setif 

and Brettel, 1993) or due to charge recombination between the P700* and A; radicals (Setif et 

aL, 1984). An asymmetric EPR signal at ^-value of 2.00 photoaccumulates at low temperature 

under reducing conditions due to A| radical (Heathcote etal., 1996). A^ is proposed to be a 

phylloquinone (vitamin Kl) molecule. The PSI complexes from different organisms contain 2 

phylloquinone molecules per P700 (Biggins and Mathis, 1988; Malkin, 1986; Schoeder and 

Lockau, 1986). Extraction of phylloquinones from PSI abolishes the photoaccumulated 

spectrum attributed to A," (Itoh et aL, 1987; Mansfield et aL, 1987), electron spin polarized 

signal arising from the P700*- A[ radical pair (Rustandi et aL, 1990), and the forward electron 

transfer at room temperature (Biggins and Mathis, 1988; Biggins et aL, 1989). Furthermore, 

A| is doubly reduced at pH 10, consistent with it being a quinone and not a chlorophyll or an 

amino acid (Bottin and Setif, 1991). Therefore, it is now well accepted that a phylloquinone 

molecule is the A^ redox center in PSI. 

Using picosecond photovoltage and fluorescence measurements, kinetics of electron 

transfer from AQ to A, has been estimated to have a rate constant of 20-35 ps by (Hastings et 

aL, 1995; Hastings et aL, 1994b; Kleinherenbrink et aL, 1994; Kumazaki et aL, 1994). At 

room temperature, forward electron transfer from A, to Fx results in A[ reoxidation with t,„ of 

~200 ns (Brettel, 1988; Luneberg et aL, 1994; Setif and Brettel, 1993; Sieckman et aL, 1991; 

van der Est et aL, 1994). The E^ of A, has been indirectly estimated to be -755 to -785 mV, but 

the E^ of phylloquinone in dimethyl formamide is only about -380 mV (Iwaki and Itoh, 1994). 

Therefore, protein interactions with phylloquinone lowers the E„ by more than 300 mV. 

The presence of two phylloquinones per P700 leads to the pseudo-symmetrical location. 

Also, pulsed EPR struchue analysis of photosystem I single crystals has indicated two possible 

location of A, within the electron transfer chain of PSI, which are related to each other by the 
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pseudo C2 symmetry (Bittl et al., 1997). However, it is difficult to identify the phylloquinone 

molecule from the large aromatic side chains at the 4 A resolution of the current 

crystallographic analysis of PSI. A well-defined pocket of electron density is identified and is 

likely to bind a phylloquinone molecule (Schubert etal., 1997). The distance from the center of 

P700 to the center of this structure is 25 ± I A, in excellent agreement with the A 25.4 ± 0.3 A 
distance determined by EPR studies (Bittl and Zech, 1997; Dzuba et al., 1997). Similarly, the 

center-to-center distances from the A^, chlorophyll to phylloquinone or from phylloquinone to 

Fx are in good correlation (Schubert et al., 1997). However, there is no pseudo-symmetrical 

position for the other phylloquinone molecule observed in the electron density map. Based on 

the binding affinities of quinones for phylloquinone-binding site during in vitro reconstitution, 

the phylloquinone environment has been predicted to contain k-k interactions from aromatic 

residues, H-bonds, and an acidic residue. Of these, k-h interactions may be more important 

than H-bonding for holding phylloquinone in PSI (van der Est et al., 1995). When 

reconstituted naphthoquinone was bound to the native A, binding pocket, the distance between 

P700'^ and A," was same as wild type. This implies that the function of A, as an electron 

acceptor does not depend on the orientation or hydrogen bonding of the quinone (Zech et al., 

1997). 

2.1.2.4. Fx 

The next intermediate acceptor in the electron transfer pathway within PSI is the [4Fe-4S] 

cluster (Golbeck, 1992). The EPR signal from the reduced F^ has g-values of 2.04, 1.88 

and 1.78. This signal is highly temperature sensitive, being only detectable at cryogenic 

temperatures. The linewidths and microwave power saturation properties of Fx arc 

substantially different than the typical low potential Fe-S clusters. The E^ of F^ is the lowest 

for any Fe-S clusters characterized to date. The E„, of Fx has been estimated to be -705 mV 

(Chamorovsky and Cammack, 1982) in EPR experiments and -670 mV in the P700 

backreaction measurements (Parrett et al., 1989). 

Fx is clearly identified in the crystal structure due to its high electron density. It is located 

near the stiromal surface at the edge of membrane plane (KrauB et al., 1996; Schubert et al., 

1997). The centroid position of Fx coincides with the two-fold axis. Thus, Fx is at the center of 

the PSI complex from the top view. Fx is 32 A away from P700 along the membrane normal 

and 14 A from the center of the phylloquinone binding pocket. 

2.1.2.5. FAandFB 

The F^ and Fg clusters were the first bound electron acceptors identified in the PSI 

complexes (Malkin and Bearden, 1971). They are bound to the PsaC subunit, unlike other 
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electron carriers which are bound to the core proteins. Like the center, they are also [4Fe-

4S] clusters. The and Fg clusters have characteristic low temperature EPR spectra with g-

values of 2.05, 1.94 and 1.86 for the reduced F^ and 2.05, 1.92 and 1.89 for the reduced Fg. 

They also have characteristic optical properties. Reduction of these centers leads to absorbance 

changes at 430 nm, which may also be due to the reduction of F^ (Hiyama and Ke, 1971). The 

values for F^ and Fg have been determined to be approximately -530 and -560 mV 

respectively (Ke et al., 1973). Kinetics of reduction of the terminal electton acceptors has been 

difficult to examine due to problems in obtaining kinetic data on electron transfer among three 

[4Fe-4S] clusters. 

In the electron density map, two Fe-S centers are clearly identified in the region of PsaC. 

However, the two-fold ambiguity of the PsaC protein folding prevents the distinction between 

the F^ and F^ clusters at the current resolution. Thus, these two clusters are tentatively 

assigned as F, and Fj based on their distances from the Fx cluster. The F, and Fj clusters, 

together with Fx, define an obtuse triangle roughly coplanar with the crystallographic Cj of the 

PSI trimer. The center-to-center distances are 12 A between F, and Fj, 15 A between Fx and 

F,, and 22 A between Fx and F2. 

The very close redox potentials of F^ and FQ bring a major unresolved question about the 

path of electrons from Fx via F^/Fg to ferredoxin. There are two alternative paths for electron-

transfer from Fx to the [2Fe-2S] center of ferredoxin. First, the electrons may travel in series 

from Fx to Fg to F^ (or to F^ to Fg) to ferredoxin. Alternatively, the electrons from Fx may be 

transferred to F^ or Fg and then one or both of these reduced centers can donate electrons to 

ferredoxin. An attractive corollary to the parallel pathway may include the use of F^ and Fg as 

an altemative shunt to direct electrons to cyclic or noncyclic electron flow. Information 

gathered from mutagenesis, biochemical, and biophysical studies indicates that both the F^ and 

Fg centers are involved in a sequential electron transfer in vivo and F^ is the proximal cluster to 

Fx whereas Fg is the distal cluster that donates electrons to ferredoxin (detailed discussion in 

section 3.2). The electron fi:om F^/FQ is accepted by an oxidized ferredoxin. 

2.1.3. Interactions on the reducing side 

On the reducing side of PSI, electrons are ttansferred from F^^/Fg clusters to ferredoxin. 

Under iron-deficient conditions, cyanobacteria contain fiavodoxin as an additional electron 

acceptor of PSI (Morand et al., 1994). The interprotein electron transfer on the reducing side of 

PSI is a complex process. It involves electron transfer in a series of Fe-S centers, and the 

mteractions of ferredoxin with three PSI proteins, PsaC, PsaD, and PsaE. The electron transfer 

involves several different PSI-ferredoxin complexes and three different first-order components 
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with t,/2 of -500 ns, 13-20 |is, and 100-123 |is (Selif and Bottin, 1995). The 500 ns phase 

corresponds to electron transfer from F^/FB to ferredoxin. The structural requirements for 

efficient electron transfer in Anabaena ferredoxin and flavodoxin are dependent on the reaction 

partner (Navarro et ai, 1995). 

The PSI-ferredoxin complex formation precedes electron transfer and the rate constants for 

complex formation depend on ionic concentration, suggesting electrostatic interactions between 

ferredoxin and PSI (Hervas et ai, 1992b; Setif and Bottin, 1994). Ferredoxin accepts electrons 

from F^/Fg clusters of PsaC, implying that these proteins should contact each other. The major 

obstacle in the association between PsaC and ferredoxin is the unfavorable electrostatic 

interactions; both proteins have strong electronegative surfaces at the physiological pH. 

Therefore docking proteins are required to facilitate the interaction by providing amino acid 

clusters of opposite charges. The PsaD protein of PSI can be cross-linked chemically with 

ferredoxin (Lelong etal., 1994; Zilber and Malkin, 1992). The docking role was demonstrated 

by the loss of ferredoxin-mediated NADP* reduction activity in the PsaD-deflcient PSI complex 

(Xu etal., 1994c). The lack of PsaE severely reduces rate of ferredoxin reduction. Therefore, 

PsaD, PsaE and PsaC are the essential components of the reducing side of PSI. 

Structure of the reducing side of PSI is not understood at a fine resolution. The PSI 

reaction center has a ridge of 35 A height projecting from one side of the membrane (KrauB et 

aL, 1993); this ridge has been proposed to be composed of the PsaC, PsaD and PsaE subunits. 

Computer modeling of ferredoxin docking has predicted that the docking site may be on the 

outside of the ridge, tilted towards the membrane plane (Fromme et al., 1994). Electron 

microscopy studies on PSI complexes that have been cross-lined with flavodoxin have shown 

that flavodoxin docks in the ridge formed by the peripheral subunits, from the outside of a PSI 

trimer, and 7 nm from the center (Miihlenhoff et ai, 1996a). The surface-exposed domains of 

PsaC, PsaD, and PsaE that may be involved in interaction with ferredoxin have been identified 

(Kuetal., 1994b). 

2.2. Cyclic electron transfer 

In addition to the PSII-dependent linear electron transfer, PSI also participates in the cyclic 

electron flow that results in proton pumping and ATP production without the participation of 

PSn. Cyclic electron flow is essential in the bundle sheath cells of C4 plants that 

predominantly contain PSI, but its contribution to ATP generation in C3 plants and in 

cyanobacteria is rather limited (Bendall and Manasse, 1995; Yu et aL, 1993b). Recendy, cyclic 

electron transfer has been proposed be involved in photoprotection and in fine-tuning of the 

balance between ATP and NADPH production (Bendall and Manasse, 1995). 
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Although cyclic electron transfer has been studied for a long time, all components involved 

in this pathway have not been identified. There is a general agreement that cyclic and linear 

electron pathways share components from plastoquinone to PSI. The inhibitors of cytochrome 

bj complex also abolish the ferredoxin-mediated cyclic electron transfer, indicating the 

involvement of cytochrome bj' complex in cyclic electron transfer (Cleland and Bendall, 

1992). Transfer of electrons from PSI back to plastoquinone involves unique components or 

additional functions of some components that are involved in linear electron transport. The 

PsaE subunit of PSI has been implicated in cyclic electron flow. The psaE deletion mutant of 

Synechococcus sp. PCC 7002 grows slowly at low light intensity and low COj concentration. 

Moreover, in the double deletion mutant psdE ndhF, the physiological P700* photoreduction 

was impaired when the linear electron flow was inhibited, indicating the absence of cyclic 

electron flow in the PsaE-less mutant (Yu etal., 1993b). Characterization of a PsaE-less strain 

of Synechocystis sp. PCC 6803 has corroborated the notion that PsaE is essential for cyclic 

electron flow around PSI (Chitnis et al., 1995a). The exact nature of PsaE participation in the 

cyclic electron flow is not understood. PsaE may provide a docking site for the ferredoxin 

isoform that is involved in cyclic electron flow. Alternatively, it may provide quinone binding 

sites. Three-dimensional solution structure of PsaE shows that charged residues form a basic 

patch on the surface and there are several aromatic residues which could potentially bind 

quinone (Falzone et al., 1994a; Falzone et al., 1994b). Of the two phylloquinones present in 

the PSI reaction center, one (A,) was shown to be involved in the electron transfer to Fx, 

whereas the function of the other one is not known. The possibility that the second 

phylloquinone functions in the cyclic electron transfer is yet to be examined. 

The major proposed pathways of cyclic electron transfer involve ferredoxin, the terminal 

electron acceptor of PSI as the soluble redox factor. In vitro reconstitution of cyclic electron 

flow has demonstrated that it is necessary to add a soluble redox factor. Ferredoxin is a good 

cofactor in reconstitution experiments, thus supporting the role of ferredoxin as an essential 

physiological component of the cyclic electron pathway. Flavodoxin can also mediate cyclic 

electron flow (Scheller, 1996). It is likely that different isoforms of ferredoxins have 

overlapping roles in cyclic and linear electron transfer. Transfer of electrons from ferredoxin to 

plastoquinone has been a matter of debate. An indirect pathway may include ferredoxin-NADP* 

reductase, NADPH, and NADPH dehydrogenase. This pathway occurs in cyanobacteria (Yu et 

al., 1993b), but NADPH dehydrogenase activity is not demonstrated in plant chloroplasts. 

There are two NADPH-independent pathways that use reduced ferredoxin to transfer electrons 

to plastoquinone. Recent experiments with barley thylakoid membranes suggest that two 

parallel pathways of cyclic electron transport operate under anaerobic conditions (Scheller, 
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1996). These pathways differ in their antimycin sensitivity, saturation characteristics and 

substrate specificity. Under physiological conditions, the antimycin-insensitive pathway is 

predicted to predominate the antimycin-sensitive pathway. The antimycin sensitive pathway 

was thought to involve cytochrome b, but direct effect of antimycin on electron transfer rate of 

cytochrome ^/complex has not been demonstrated. This pathway does not include a possible 

quinone-reducing side of PSI (Scheller, 1996). The ferredoxin-plastoquinone reductases have 

been postulated to mediate transfer of electrons directly to plastoquinone (Cleland and Bendall, 

1992). One of these enzymes is inhibited by antimycin. DisilfodisalicycIidenepropane-1,2-

diamine, an inhibitor of ferredoxin-NADP* reductase, also inhibits cyclic electron flow 

(Shahak et al., 1981). It is likely that the membrane-associated ferredoxin-NADF" reductase 

might represent an integral part of ferredoxin-plastoquinone reductase (Bendall and Manasse, 

1995). Therefore, one can speculate that the PsaE of PSI, ferredoxin-NADP" reductase 

associated with it, and an unknown quinone-binding protein could make ferredoxin-

plastoquinone reductase. Therefore, many crucial components of cyclic electron flow have 

been proposed, but their exact roles and identities of ferredoxin-plastoquinone reductases need 

to be determined. 

Overall, the PSI complex utilizes energy of the photons trapped by either its core antenna 

system or the associated LHCs to function in linear or cyclic pathway producing strong 

reductants and ATP, and plays an important role in nourishing the whole world. 

3. The catalytic subunits 

As a light-driven oxidoreductase, PSI catalyses the electron uransfer from the reduced 

plastocyanin to the oxidized ferredoxin. The electron carriers participating the electron 

transportation are bound to the PsaA, PsaB, and PsaC proteins. 

3.1. PsaA and PsaB 

The PsaA and PsaB proteins form the hydrophobic core of PSI. In higher plants, the genes 

encoding PsaA and PsaB are present in the chloroplast. The deduced molecular masses of 

PsaA and PsaB are approximately 83 kDa and 82 kDa, respectively. Because of their similar 

sizes, the PsaA and PsaB proteins normally co-migrate to form a diffuse band in a 

polyacrylamide gel. PsaA and PsaB are highly conserved and homologous. The primary 

sequences of PsaA and PsaB proteins from various sources contain higher than 78% and 76% 

amino acid identities, respectively (Sun et al., 1998). Comparison of the PsaA and PsaB 

primary sequences reveals more than 42% amino acid identiQr and an additional 15% 

conservative replacements. Thus, the PsaA and PsaB proteins might have evolved by gene 

duplication and are thought to have similar structural features. 
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3.1.1. Structural features of the core proteins 

The hydropathy analysis of PsaA and PsaB indicated that each protein contains 11 potential 

transmembrane domains (Fish et al., 1985). This proposal is in agreement with the X-ray 

crystallographic studies (KrauB et al., 1993; KrauB et al., 1996). In the structural model at 4 A 
resolution, twenty-two transmembrane helices are arranged in an approximate synmieUy and 

have been assigned to PsaA and PsaB. Five transmembrane helices from each core protein 

form a palisade-like arrangement surrounding the pseudo-2-fold synunetry axis. The cofactors 

of the electron transfer chain from the primary reaction center P700 to F^ are located in this 

central cage. The other six transmembrane helices are far from the axis. Within the well-defined 

inner core of PSI, some of the transmembrane helices and the interhelical connections are 

assigned to the amino acid sequences of PsaA and PsaB. The C-terminal regions of PsaA and 

PsaB contribute to the central cage and the N-terminal regions are believed to form the antenna 

part of PSI. 

The interpretation of electron density maps is consistent with some biochemical 

observations. Investigations using limited proteolysis indicated that the N-terminal regions of 

PsaA and PsaB in the plant and cyanobacterial PSI are much more accessible to proteases than 

the very C-terminal regions (Sun et al., 1997; Xu and Chitnis, 1995; Zilber and Malkin, 1992). 

Also, limited proteolysis on the subunit-deficient mutant PSI complexes indicated that the C-

terminal regions of PsaA and PsaB are involved in interactions with other subunits (Sun et al., 

1997; Xu and Chitnis, 1995). As observed in the crystal structure, the PsaC, PsaD, and PsaE 

subunits are located along the interface of the two-fold symmetty with PsaC in the middle. In 

this two-region architecture of the PsaA and PsaB proteins, the C-terminal regions harbor the 

electron carriers and provide the environment for electron transfer. The N-terminal regions of 

PsaA and PsaB coordinate most of the chlorophyll molecules and form the intrinsic antenna of 

the PSI complex. 

Orientation of the PsaA and PsaB proteins with respect to the membrane has been studied 

by biochemical and histoimmunological methods (Sun etal., 1997; Vallon and Bogorad, 1993; 

Xu and Chitnis, 1995). The eleven transmembrane helices of PsaA and PsaB span the 

thylakoid membrane completely with the N-termini of PsaA and PsaB located on the n-side 

(stromal side in chloroplasts and cytoplasmic side of cyanobacteria) of the photosynthetic 

membrane. Consequently, the C-termini of the core proteins are on the /7-side (lumenal side) of 

thylakoid membrane (Fig. 2-3). Such orientation makes the six n-side extramembrane loops 

with a majority of positive residues, which agrees with the "positive inside" rule (von Heijne 

and Gavel, 1988). 
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At the present resolution of the PSI crystal structure, the symmetrical PsaA and PsaB 

proteins could not be distinguished. Studies using limited proteolysis and subunit-deficient 

mutant PSI complexes have established the interactions of the core proteins with other 

subunits, among which the N-terminal region of PsaA with PsaE and the N-terminal region of 

PsaB with PsaD are dominant (Sun et al., 1997). Chemical crosslinking and electron 

microscopy studies have revealed that PsaD and PsaE are located in different sides of the 

pseudo-2-fold symmetry axis (Armbrust et al., 1996; Kruip et al., 1997; Xu et al., 1995a). 

PsaD is located adjacent to PsaL which is close to the central connecting region of trimers, 

while PsaE is in contact with regions of PsaF which is at the outer edge of the PSI trimer. 

Thus, the primed helices in the 4 A crystal structure map are assigned to PsaA and the 

unprimed helices are assigned to PsaB (Sun et al., 1997). 

3.1.2. Cofactor binding pockets of the core proteins 

The electron carriers from P700 to Fx are bound to the C-terminal regions of the core 

proteins. Specifically, the chlorophyll a dimer of the primary electron donor P700 are proposed 

to be coordinated by two histidyl residues, A_H676 and B_H651, which are located in the X 

transmembrane helices of PsaA and PsaB (Fromme et al., 1994; Webber et al., 1996). There 

are two symmetrical chlorophyll monomers adjacent to P700. At least one of them is equivalent 

to the primary electron acceptor These chlorophylls could also be coordinated by histidines. 

The suitable residues for the positions are two conserved histidines of the transmembrane 

helices Vni: A_H543 and B_H525 (Schubert et al., 1997). Between the P700 and AQ, a third 

pair of chlorophyll a molecules, namely the accessory chlorophylls, are identified in the 

structural studies (KrauB et al., 1993; KrauB et al., 1996; Schubert et al., 1997). They are 

proposed to be coordinated by the conserved asparagyl residues in the transmembrane helices 

DC: A_N6(X) and B_N582 (Schubert et al., 1997). The phylloquinones for the secondary 

electron acceptor A, are not well identified in the crystal structures. However, a pocket of 

electron density is well defined which the phylloquinone molecule could be hold. In the 

primary amino acid sequences of PsaA and PsaB, the highly conserved peptides 

A_686lfsgRGYWQELIE®'® and B_"^®LISWRGYWQELIE®® in the connections between the 

transmembrane helices m and m' and the peripheral helices n and n' are proposed to bind the 

phylloquinones (Schubert et al., 1997). This firagment LxSxRGYWQELIE is also partially 

conserved in PshA of the P800 reaction center of Heliobacterium and PscA of the P840 

reaction center of green sulfur bacterium Chlorobrium. The electron spin echo envelope 

modulation (ESEEM) spectroscopy stody with '"^N- and '^N-labeled PSI indicated that there are 

two protein nitrogen nuclei coupled to the phyllosemiquinone radical A," (Hanley et al., 1997). 
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The first coupled nitrogen is assigned to the indole nitrogen of a tryptophan residue. The 

second coupled nitrogen can be described as an amino nitrogen of a histidine, or an amide 

nitrogen of asparagine or glutamine. Thus, the well-conserved amino acids A_W693/A_Q694 

or B_W668/B_Q669 may bind the secondary electron acceptor A,. The Fe-S cluster is 

located on the pseudo-two-fold symmetrical axis near the n-side surface. It is coordinated by 

both PsaA and PsaB with the conserved cysteines in the extramembrane loops between the 

transmembrane helices Vin and IX: A_C574, A_C583, B_C556, and B_C565. Not only the 

cysteinyl residues, but also the whole extramembrane loops containing the cysteines are highly 

conserved among PsaA and PsaB from various sources, PshA of the P800 reaction center of 

Heliobacterium and PscA of the P840 reaction center of Chlorobrium (Buttner et al., 1992; 

Liebl et al., 1993). 

The PSI complex carries its integral core antenna system consisting of about 100 

chlorophyll a molecules. In the crystal structure of PSI at 4 A resolution, 89 chlorophyll a 

molecules have been identified (Schubert et al., 1997). Six chlorophylls are the cofactors of the 

electron transfer chain. The remaining 83 chlorophylls constitute the core antenna system. Most 

of these antenna chlorophylls are coordinated to PsaA and PsaB by the conserved histidines of 

the transmembrane helices the core proteins. Some of the small subunits, presumably PsaL, 

PsaK, and PsaF, may also coordinate some antenna chlorophylls and/or provide a suitable 

hydrophobic environment to accommodate such molecules (Schubert et al., 1997). Among the 

83 antenna chlorophylls, a symmetrical pair is positioned closely to the potential primary 

electron acceptor chlorophylls. They may play a special role in the energy transfer from the 

core antenna to the primary reaction center, thus are referred as the connecting chlorophylls. 

The amino acids that are possible coordinating the connecting chlorophylls are the conserved 

histidines in the transmembrane helices Vn of the core proteins: A_H450 and B_H430 

(Schubert et al., 1997). The antenna chlorophylls are tightly packed into four clusters 

comprising 21, 23, 17, and 20 chlorophylls, respectively, with linking chlorophyll molecules 

bridging the neighboring clusters. The clusters laterally surround the electron transfer chain to 

form a hollow, elliptical cylinder which narrows slighdy toward the luminal side. The maximal 

center-to-center distance between the antenna chlorophylls is shorter than 16 A, which allows 

the transfer of the excitation energy from one chlorophyll to its neighbor and formation of a 

continuous network. Fluorescence spectroscopy of the Uimeric and monomeric PSI complexes 

from the cyanobacterium Spirulina platensis indicated that the most longwave chlorophyll form 

originates from an interaction among chlorophylls bound to monomeric PSI subunits forming a 

trimer (Karapetyan et al., 1997). 
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3.1.3. Mutagenesis studies on the core proteins 

Interruptions or deletions of the psaA and psaB genes in cyanobacteria, green algae, and 

higher plants result in undetectable level of PSI proteins in the membrane (Boussiba and 

Vermaas, 1992; Shen et al., 1993; Smart and Mcintosh, 1993; Smart et al., 1993). The mutant 

strains assemble the wild type levels of functional PSn complexes. None of these mutant 

strains is capable of photoautotrophic growth, which is consistent with the Z-scheme model of 

photosynthesis. However, it was reported that C. reinhardtii PSI-deficient mutant strains in 

which the trans-splicing of the psaA mRNA was blocked could achieve photoautotrophic 

growth and CO2 fixation (Lee etal., 1996). More recently, the same mutant strains were tested 

and found to contain small but significant amounts of PSI, thus supporting electron transport 

and CO2 fixation (Coumac et al., 1997). From another approach, a yellowish white plastome 

mutant of Antirrhinum majus L. was identified to have a point mutation in psaB gene, which 

introduces a new stop codon and leads to a Unncated PsaB protein (Schaffner et al., 1995). 

Thus, the deficiency of the PsaA or PsaB proteins prevents the accumulation of PSI complex 

and inhibits the photoautotrophic growth. 

With the availability of mutants that are deficient in the core proteins, site-directed 

mutagenesis of the PsaA and PsaB proteins has been employed to identify the residues near the 

bound cofactors. Obviously, the conserved histidines coordinating the primary donor P700 

have been attractive targets for mutagenesis. H656 in PsaB of C. reinhardtii was mutated to 

asparagine or serine (Webber et al., 1996). The mutations alternated the PTOO^ environment 

and increased oxidation midpoint potential of P700/P700* by 40 mV. The spectroscopic 

characteristics of the point mutations were also affected. The P700/P700*- optical difference 

spectra produced a new bleaching band at 667 nm and the electron nuclear double resonance 

spectroscopy indicated a significant increase in the hyperfine coupling corresponding to methyl 

protons at position 12 of the spin carrying chlorophyll a of P700*-. Therefore, the residue 

H656 was suggested to provide a hydrogen bond to a keto carbonyl group or an axial ligand to 

the central Mg atom of one of the chlorophyll a molecules in P700. Time-resolved absorption 

and fluorescence spectroscopy revealed that the mutation of histidine to asparagine also 

increased the trapping process two times while had no affect on the difference spectrum of the 

photoreduction of the primary acceptor (Melkozemov et al., 1997). The conserved histidines in 

the last six transmembrane helices of the core proteins of PSI in C. reinhardtii were changed by 

site-directed mutagenesis. Changes in the characteristics of P700 were screened and only 

mutations of A_H676 and B_656 resulted in changes in spectiroscopic properties of P700. 

Thus, these histidines are the axial ligands to the P700 chlorophylls (Redding et al., 1998). 

The conserved histidines in the transmembrane helix VTH of PsaB were also replaced in C. 
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reinhardtii. The mutants were impaired in the assembly of the PSI reaction center in the posi-

translational step in PSI assembly. The spectroscopic characteristics of P700 in the mutants 

remained unchanged (Cui et al., 1995). 

The highly conserved motif PCDGPGRGGTC in the core proteins also draws attention. 

This motif contributes to the coordination of the [4Fe-4S] cluster F^. The insert of this motif 

into a designed four a-helix model protein introduced a [4Fe-4S] type cluster into the 

holoprotein (Scott and Biggins, 1997). When C565 in PsaB of Synechocystis sp. PCC 6803 

was mutated to serine, histidine or aspartic acid, the mutations greatly reduced accumulation of 

PSI and failed to grow autotirophically (Smart et al., 1993). The C565S mutant accumulated 

reduced amount of PSI and displayed photoreduction of the [4Fe-4S] terminal electron 

acceptors F^ and FQ. The PSI complex from the C565S mutant assembled [3Fe-4S] and [4Fe-

4S] clusters at F^ and the mixed-ligand [4Fe-4S] cluster of F^ was capable of electron transfer 

to F^/FQ (Warren et al., 1993b). Similarly, the substitution of C556 in PsaB of Synechocystis 

sp. PCC 6803 witii serine also introduced a mixed-ligand [4Fe-4S] cluster at Fx (Vassiliev et 

al., 1995). Therefore, both C556 and C565 coordinate tiie Fx cluster, which in turn is essential 

for stable assembly of the PSI complex. The mixed-ligand [4Fe-4S] Fx cluster is an inefficient 

electron carrier and leads to a decreased quantum efficiency of electron transfer in the C556S 

and C565S mutant PSI complexes (Vassiliev et al., 1995). This may explain the inability of the 

mutant organisms to grow photoautotrophically. Mutation of C560 to histidine in C. reinhardtii 

also led to undetectable accumulation of PSI (Webber et al., 1993). 

Many other residues in this Fx binding motif have been mutated to study their role around 

the Fx cluster. Biochemical study has showed that R561 in the PsaB protein of Synechocystis 

sp. PCC 6803 may interact with PsaC (Rodday et al., 1993). This hypothesis was tested by 

site-directed mutagenesis in Synechocystis sp. PCC 6803 (Rodday et al., 1994) and in C. 

reinhardtii (Rodday et al., 1995). The site-directed change R561E in PsaB destabilizes the 

subunit interaction in Synechocystis sp. PCC 6803 (Rodday et al., 1994). The mutant reaction 

center was much less stable in urea and the functional reconstitution of the mutant core using 

PsaC was impaired. The presence of divalent cations increased the reconstitution of PsaC with 

the mutant core whereas inhibited with the wild type core. It was suggested that the electrostatic 

interaction in the association of PsaC with the core heterodimer is important. Interestingly, the 

site-directed change of the corresponding R566 in the Chlamydomonas PsaB to glutamate 

results in the complete lack of PSI in the thylakoids (Rodday et al., 1995). Several other 

Chlamydomonas mutants were generated on the conserved prolines and aspartate in the motif 

of PsaB. The P560A, P560L, and P564L mutants accumulated functional reaction centers but 

showed an impaired interaction between the reaction center core complex and the PsaC subunit. 
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The D562N mutant did not accumulate PSI. It was suggested that P560 and D562 may 

contribute to the stability of the cluster by providing essential hydrogen bonding to the C56i 

ligand while the intercysteinyl region in PsaB i.s a domain involved in the interaction between 

PsaC and the PSI core (Rodday et ai, 1995). 

PsaA and PsaB also contain leucine zipper motifs in two conserved homologous putative 

transmembrane helices (Webber and Malkin, 1990). Site-directed mutants L522V, L536M, and 

L522V/L536M in PsaB of Synechocystis sp. PCC 6803 exhibited wild type characteristics and 

grew autotrophically, whereas the L522P mutation prevented PSI accumulation. These results 

did not support a major stiiictural role of the leucine zipper in dimerization of tiie core (Smart et 

ai, 1993). However, tiie conservative substitution might not have perturbed the leucine zipper. 

3.1.4. Similarity between PSII and PSI core proteins 

The PsaA and PsaB proteins contain 11 uransmembrane helices each. According to their 

structural role, they can be categorized mto the five C-terminal helices, which contribute to the 

central cage surrounding the electron carriers, and the six N-terminal helices, which form the 

core antenna system. In PSII, the electron carriers are bound to the D1 and D2 proteins while 

the core antenna containing about 50 chlorophyll molecules is bound by the CP47 and CP43 

proteins. The comparison of the topographies of PSI core proteins and these PSII proteins 

underlines a close relationship between PSI and PSn (Fig. 2-3). The D1 and D2 proteins are 

predicted to have five transmembrane domains with the N-termini on the stroma and the C-

termini on the lumen, whereas the CP47 and CP43 proteins are predicted to posses six 

tiransmembrane helices witii both the N- and C-termini on the stroma. Splitting of proteins in 

the G loops (between transmembrane helices VI and VII) of PsaA and PsaB, the N-terminal 

regions and C-terminal regions contain the exact same orientations as the PSII proteins. The C-

terminal regions of PsaA and PsaB also share similarity with D1 and D2 proteins in 

coordinating cofactors. 

Therefore, the CP43 and CP47 core antenna proteins of PSII and the N-terminal regions of 

PSI PsaA and PsaB proteins, the D1 and D2 core proteins of PSII and the C-termlnal regions 

of the PsaA and PsaB proteins may have evolved firom a common ancestor. Considering the 

homology among PsaA and PsaB, D1 and D2, CP43 and CP47, an ancestral homodimeric 

complex may be the common ancestor and the divergence of evolution yields all these proteins. 

If the common ancestor is an antenna/reaction center complex, the evolution may involve the 

splitting to yield the PSII proteins. If the common ancestor contains separate antenna and 

reaction center proteins, the PSI proteins may have evolved through a combination of the 

antenna and reaction center genes. 
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The P700 reaction center of PSI complex, the P800 reaction center of Heliobacterium, and 

the P840 reaction center of green sulfur bacteria Chlorobrium are Type I reaction centers. They 

share structural and functional similarities, indicating a common evolutionary' origin. However, 

the reaction centers of the anoxygenic bacteria do not seem to have polypeptides corresponding 

to the accessory subunits of PSI. Thus, the addition of these proteins of PSI complex in 

cyanobacteria and chloroplasts may be a more recent addition to meet the protective and 

interactive demands of the oxygenic photosynthesis. 

3.2. PsaC 

PsaC is an acidic peripheral protein with 80 amino acids. It coordinates the terminal 

electron transfer centers and Fg of PSI. In higher plants, the psaC gene is located in the 

chloroplast genome. PsaC is an extraordinarily conserved protein. A comparison of the 

deduced amino acid sequences of PsaC from cyanobacteria, algae, and plants shows that most 

residues are completely conserved during evolution while some conservative replacements are 

near the N-terminus and in the center of the protein. PsaC also shares homology with the 

bacterial-type 2[4Fe-4S] ferredoxins. The most notable feature of PsaC is the nine conserved 

cysteines, eight of which are in two [4Fe-4S]-cluster binding motif, CxxCxxCxxxCP, for 

coordinating the [4Fe-4S] F^^ and Fg clusters Site-specific mutagenesis has revealed that the Fy^ 

cluster is liganded by cysteines C21, C48, C51, and C54, while cysteines CI 1, C14, C17, and 

C58 are ligated to the F^ cluster (Zhao et al., 1992). The ninth cysteine C34 does not 

participate in ligating either F^ or F^ (Yu et al., 1993a). PsaC in the PSI complex can be 

modified by maleimide biotin indicating that C34 is located on the surface of the PSI complex 

(V. P. Chitiiis and P. R. Chitnis, unpublished results). 

PsaC obviously interacts with the core proteins. Chemical cross-linking studies have 

demonstrated that PsaC can be cross-linked to PsaD and PsaE proteins. Genetic inactivation of 

the psaC gene by insertion of antibiotic resistance gene in Synechocystis sp. PCC 6803, 

Anabaena variabilis ATCC 29413, and C. reinhardtii resulted in photosynthesis-deficiency. 

Although all these mutants lack EPR signals that can be attributed to F^/FQ, the lack of PsaC 

has different effects on the assembly of the complex in different organisms. The PsaC-less 

mutant of C. reinhardtii could not assemble PSI core and resulted in complete loss of any PSI 

proteins (Takahashi et al., 1991). In cyanobacteria, the mutants were able to accumulate core 

proteins, but failed to incorporate the PsaD and PsaE proteins (Mannan et al., 1994; Yu et al., 

1995a). PsaL is present in the PsaC-less thylakoids, but is lost during isolation of the PSI 

complexes. Thus, PsaC interacts with the PsaD and PsaE proteins and is necessary for stable 
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assembly of PsaD and PsaE into PSI complex. It is not needed for assembly of PsaA and PsaB 

core in cyanobacterial PSI. 

Ferredoxin from Peptostreptococcus asaccharolyticus (PaPd, (Adman et al., 1976)) has 

been used as the prototype in the structural studies of the proteins with the [4Fe-4S] binding 

motif. Compared to PaFd, PsaC contains an extra internal loop of 8 residues and a C-terminal 

extension of 15 residues. In the crystal structure of PSI, the distance between the [4Fe-4S] 

clusters is 12 A, closely matching that observed in PaFd. Fitted into the electron density, PsaC 

structure is observed to be highly similar to this model ferredoxin. In the 4 A crystal structure, 

PsaC occupies the central position of the n-side ridge of PSI, with a pseudo-two-fold axis 

related the two halves of the molecule each of which includes one [4Fe-4S] cluster and a short 

single-turn a-helix from the conserved cluster-binding motif. Due to the limitation of 

resolution, a two-fold ambiguity in the orientation of PsaC remains unresolved, which takes 

into account the assigrmient of the sequence of the clusters by mutagenesis work. In the case 

where the F^ cluster is closer to the Fx cluster than the F^ cluster, the C- and N- termini will 

face towards the PsaA and PsaB core and the loop connecting the two clusters is peripheral. In 

the opposite orientation where the F^ is the terminal [4Fe-4S] cluster, the loop will lie near 

PsaA/B and the C- and N-termini are located peripherally. 

So far, many studies have been performed to describe the structure-function relationships 

in PsaC. However, two questions are still ambiguous: Are both [4Fe-4S] clusters both 

essential for electron transfer? Which cluster, F^^ or Fb. is proximal to Fx? 

Characterization of the unbound PsaC by UV/visible, EPR, and 'H NMR spectroscopy 

suggested that the electron is transferred from Fx to one the [4Fe-4S] clusters of PsaC and 

within 100 |is both clusters F^ and F^ are partially reduced at room temperature due to fast 

intramolecular electron exchange (Bentrop et al., 1997). Thus, a linear electron flow within 

PSI involved both F^ and Fg is indeed the scheme. Site-directed mutations of the cysteine 

ligands C14 and C51 to the F^ and Fg clusters, respectively, in Synechocystis sp. PCC 6803 

resulted the deficient in photoautotrophic growth (Yu et al., 1997). It seems clear that both the 

F;^ and FQ centers are involved in a sequential electron transfer in vivo. However, similar 

modification in Anal^aena variabilis ATCC 29413 supported the opposite argimient (Mannan et 

al., 1996). Low-temperature EPR studies demonstrated that the C50D mutant has a normal Fg 

cluster and a modified F^^ center. In contrast, the CI 3D mutant has a normal F^ cluster and no 

FB signal. Both mutants grow photoautotrophically. Thus, the Fg cluster is not essential for the 

assembly of the PsaC protein in PSI and the Fg cluster is not absolutely required for the 

electron transfer from the PSI reaction center to ferredoxin. 
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In the sequential electron transfer, the information is in favor of as the proximal cluster 

to Fx- Biochemical analysis indicated that F^ is essential for reduction of NADP* (He and 

Malkin, 1994; Jung etal., 1995). Targeted mutations of two positively charged residues, K53 

and R53, near the F^ center of PsaC in C. reinhardtii led a preferential reduction of Fg and the 

normal electron transfer rate from FSI to ferredoxin (Fischer et al., 1997). Therefore, FQ is the 

donating cluster to ferredoxin. Similarly, idnetic study using HgClj treated FSI complex, in 

which Fg is selectively inactivated, indicated that the electron Uransfer to ferredoxin and 

flavodoxin was inhibited and concluded that F^ is the proximal cluster to F^ and FQ is the distal 

cluster that donates electrons to ferredoxin (Vassiliev et al., 1998). Thus, it is in favor of the 

electron transfer pathway orientated as Fx to F^ to F^. However, site-directed mutagenesis on 

D9 of PsaC suggested that this aspartate is participating the electrostatic interaction with the 

core, thus supported an orientation of PsaC on the core such that center Fg is proximal to Fx 

(Rodday etal., 1996). The redox potentials of Fg and F^, the inhibition of F^ photoreduction 

after selective diazonium inactivation of Fg (Malkin, 1984), and their proposed locations in the 

X-ray crystallographic structure (Fromme etal., 1994; KrauB et al., 1993) imply a serial flow 

of electrons from FQ to F^. Thus, more experiments are needed to make accurate assignments. 

In the in vitro assembly of Fe-S centers into mutated PsaC proteins, earlier it was reported 

a [3Fe-4S] center in the F^ site of C51D mutant and a unidentified cluster in the F^ site of 

C14D mutant (Zhao et al., 1992). The midpoint potentials of the single [4Fe-4S] centers in 

these mutated PsaC proteins are identical to F^ and F^ in bound PsaC of PSI (Yu et al., 

1993a). When the mutant PsaC proteins were reconstituted with a core complex, the PSI 

complex shows that [4Fe-4S] cluster is presented in the mixed ligand 3Cys-lAsp site and no 

[3Fe-4S] cluster m the bound PsaC (Yu et al., 1995b). Thus, the P700-Fx core selectively 

rebinds those free PsaC mutated proteins with two [4Fe-4S] clusters. In a comprehensive 

study, C14, C21, C34, C51, or C58 in PsaC were replaced with Asp, Ser, or Ala (Mehari et 

al., 1995). Characterization of free and rebound mutant PsaC proteins revealed that PsaC 

requires two Fe-S centers to refold, one of which must be cubane. Furthermore, the presence 

of two cubane Fe-S clusters in the free PsaC is a necessary precondition for binding to P700-

Fx cores. In vivo mutagenesis on the ligands of F^ and Fg also indicated that only those PsaC 

proteins that contain two [4Fe-4S] clusters are capable of assembling onto PSI cores (Jung et 

al., 1998). 

Interaction of PsaC with the PSI core have been studied by molecular genetic 

manipulations. In vitro reconstitution of PsaC isolated from mutants lacking internal loop and 

C-terminal extension with a barley P7(X)-Fx core (that lacks PsaC, PsaD and PsaE subunits) 

showed that such mutant subunits can bind to P700-Fx core and retain 2 [4Fe-4S] clusters, but 
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F^/FB back-reaction back reaction was less efficiently restored when reconstituted in the 

presence of PsaD (Naver et al., 1996). Reconstitution of these mutant proteins in the presence 

or absence of PsaD implied that internal loop of PsaC interacts with PsaA/B heterodimer 

whereas C-terminus of PsaC interacts with PsaD subunit (Naver et al., 1996). Proper 

orientation of PsaC may also involve acidic residues of PsaC that have been proposed to be 

involved in electrostatic interactions with the PSI core (Rodday et al., 1993). Changing some 

of these acidic amino acids to basic residues not only results in reduced level of reconstitution 

of PsaC subunit to PSI core, but also decreases elecuron transfer efficiency. Among all acidic 

residues examined in this study, E9 was found to be the most important residue for electtostatic 

interaction (Rodday et al., 1993). Site-directed mutagenesis on K35 of PsaC in C. reinhardtii 

revealed that K3S is the main interaction site between PsaC and fenredoxin and that it plays a 

key role in the electrostatic interaction between PSI and fenredoxin (Fischer et al., 1998). 

4. The docking subunits 

PSI complex accepts electrons from plastocyanin in the thylakoid lumen and donates 

electrons to fenredoxin in the chloroplast stroma or cyanobacterial cytoplasm. PsaD and PsaE 

are involved in the docking of ferredoxin, whereas PsaF may interact with plant plastocyanin to 

form a complex for fast electron transfer. 

4.1. PsaD 

The PsaD subunit of PSI is a conserved peripheral protein on the reducing side of PSI. In 

higher plants, the PsaD protein is encoded by the nuclear gene psaD. In general, the 

cyanobacterial PsaD protein contains 139-144 amino acids while the plant PsaD has about 23 

additional residues forming an extension at the N-terminus (Manna and Chitnis , 1998). This 

extension of eukaryotic PsaD is accessible to proteases (Lagoutte and Vallon, 1992; Zilber and 

Malkin, 1992). The insertional inactivation of the psaD gene of Synechocystis sp. PCC 6803 

indicated that PsaD is essential for efficient function of the cyanobacterial PSI (Chitnis et al., 

1989). 

PsaD has several roles in the function and organization of PSI. First, it interacts with at 

least three proteins of PSI and stabilizes their organization within the complex. These 

interactions are specific and crucial for the organization and fimction of the PSI complex. 

Chemical crossllnking experiments have demonstrated the physical interactions of PsaD with 

PsaC and PsaL subunits (Armbrust et al., 1996; Xu et al., 1994a). Limited proteolysis 

experiments showed that PsaD shields extramembrane loops of PsaB (Sun et al., 1997; Xu and 

Chitnis, 1995). Second, PsaD is required for the stable binding of PsaC to the PSI core 

proteins (Chitnis etal., 1996; Li etal., 1991). When PsaC was reconstituted with the PSI core 
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in the absence of PsaD, ESR studies showed that Fg and were photoreduced about equally 

at 19 K, and while the resonances were shifted upfield, they remained as broad as in the free 

PsaC holoprotein. In the presence of PsaD, the reconstituted complex showed nearly identical 

resonances as control PSI complex (Li et al., 1991). In the PsaD-deficient ADC4 mutant, Fg, 

rather than F^, became preferentially photoreduced and the EPR line shapes were relatively 

broad. PsaC and the F^/FQ clusters were lost more readily from the ADC4 membrane after 

treatment with Triton X-100 or chaotropic agents (Chitnis et al., 1996). PsaD is also required 

for the stable assembly of PsaE (Chitnis et al., 1989). Third, PsaD provides an essential 

ferredoxin-docking site (Lelong et at., 1994; Xu et al., 1994c). The ferredoxin-mediated 

NADP" photoreduction was severely inhibited in the membrane of PsaD-less mutant (Xu et al., 

1994c). The first order reduction of ferredoxin cannot be observed in PsaD-less mutant 

(Hanley et al., 1996). The docking involves electrostatic interactions between the basic PsaD 

protein and the electronegative surfaces of ferredoxin (Lelong et al., 1994). Cross-linking 

study has shown that K106 of PsaD from Synechocystis sp. PCC 6803 can be cross-linked to 

E93 in ferredoxin (Lelong etal., 1994). Site-directed mutagenesis study revealed that the K106 

residue of PsaD from Synechocystis sp. PCC 6803 PSI is a dispensable component of the 

docking site (Chitnis et al., 1996; Hanley et al., 1996). These results suggest that binding of 

PsaD in correct orientation depends on multiple charge interactions. 

Crystallographic studies at limited resolution have shown that PsaD contains a single, short 

a-helix located near the conunon interface with PsaC and the integral membrane core subunits 

which may be important for the stable association of both PsaC and PsaD with the PSI core 

(KrauB et al., 1996). Analysis of the PsaD sequences indicated that an a-helix was predicted 

from L19 to T31 in the N-terminal region of PsaD. When viewed in a helical wheel diagram, 

this predicted a-helix forms faces with clustered hydrophilic and hydrophobic residues. The 

topography of PsaD protein has been also studied by biochemical and mutagenesis analyses. 

Limited proteolysis and chemical modification indicated that K106 and/or K117 of PsaD could 

react with N-hydroxysuccinimidobiotin (NHS-biotin) and E93 of PsaD was readily accessible 

to protease (Xu et al., 1994b). The region around K106 is exposed on the surface of PsaD and 

interacts with ferredoxin. This region contains several basic residues which may be involved in 

the electrostatic interactions with the acidic residues of fetredoxin. The conserved H97 of PsaD 

is also present in this region. Various mutations of H97 showed that this amino acid is 

involved in the increased affinity of PSI for ferredoxin when the pH is lowered. This histidine 

could be central in regulation in vivo the rate of ferredoxin reduction as a precise sensor of the 

local proton concentration (Hanley et al., 1996). However, other residues involved in this pH 

effect can not be ruled out. When up to 24 residues from the C-terminus of PsaD were deleted. 
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the mutant protein was able to assemble into PSI in vivo (Chitnis et al., 1995a). However, the 

deletions impaired the reductase activity of Ps I in the ferredoxin-mediated NADF 

photoreduction. Therefore, the C-terminus of PsaD is not essential for the assembly of PsaD 

into PSI complex but may be required for the proper orientation of ferredoxin binding region. 

Examination of the primary sequence of PsaD reveals a basic domain between R72 and R86 in 

the central region of the protein (Manna and Chitnis , 1998). The basic domain contains four 

conserved and one or two nonconserved basic residues. Mutagenesis study indicated that the 

basic residues in this domain of PsaD, especially R74, are crucial in the assembly of PsaD into 

the PSI complex (Chitnis et al., 1997). The mutations in the basic domain disturbed the 

interaction between PsaD and PsaL. Thus the basic domain may interact with PsaL in the 

assembly of the PSI complex. 

4.2. PsaE 

PsaE is a moderately conserved peripheral subunit of PSI. Together with PsaC and PsaD, 

PsaE is a component of a curved ridge on the stromal surface of PSI (Schubert et al., 1997). In 

higher plants, psaE gene is located in the nucleus. Cyanobacterial PsaE contains 70-75 amino 

acid residues whereas the plant and algal PsaE has an N-terminal extension. Similar to the plant 

PsaD, the extension of spinach PsaE is accessible to exogenous proteases (Lagoutte and 

Vallon, 1992). 

The 3-dimensional solution structure of PsaE of Synechococcus sp. PCC 7002 has been 

proposed from NMR analysis. PsaE is comprised of an antiparallel five-stranded |3-sheet with 

(+1, +1, +1, -4x) topology. There is no helical region except for a single turn of 3,o helix 

between two P-stands (Falzone etal., 1994a; Falzone etaL, 1994b). Topological studies using 

limited proteolysis and chemical modification have shown that the E63, E67, and K74 of 

Synechocystis sp. PCC 6803 PsaE are exposed on the surface of PSI (Xu et al., 1994b). 

PsaE facilitates the interaction between PSI and ferrcdoxin. Membranes of the PsaE-less 

mutant were severely deficient in the reduction of ferredoxin (Xu et al., 1994c). The reduction 

of flavodoxin by PSI in the PsaE-less mutant was impaired pardally mdicating that PsaE is 

required for correct formation of the complex between flavodoxin and PSI (Xu et al., 1994c). 

However, the PsaE subunit cannot be directly cross-linked to flavodoxin (Miihlenhoff et al., 

1996b). It is suggested that PsaD and PsaE together generate a suitable docking site for the 

electron acceptors of PSI. Site-directed mutagenesis of R9 into glutamine in PsaE of 

Synechocystis sp. PCC 6803 dramaticaily affected the reduction of ferredoxin, indicating that 

this residue is involved in the ferredoxin interaction (Lagoutte et al., 1995). 
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PsaE may also be required for the cyclic electron transport around PSI (Chitnis et al., 

1995a; Yu et al., 1993b). The turnover of PSI was increased in the Synechocystis PsaE-less 

mutant (Chitnis and Nelson, 1992). Therefore, PsaE is important for the stable assembly of 

PSI. Site-directed mutagenesis study indicated that the C-terminal eight amino acids are 

necessary for precise anchoring of PsaC into PSI (Lagoutte et al., 1995). PsaE m the PSI 

complex can be cross-linked chemically to ferredoxin:NADF reductase (Andersen et al., 

1992), indicating an additional role for PsaE in interaction with ferredoxin:NADP* reductase. 

Moreover, the inhibition of electron transport to NADP* by an antibody raised against PsaE has 

been shown to result from the interference of binding of PsaE and ferredoxin:NADP^ reductase 

(Strotmann and Weber, 1993). Therefore, PsaE is involved in docking ferredoxin and the 

cyclic electron transfer around PSI. 

4.3. PsaF 

PsaF is a membrane-integral protein with substantial N-terminal domain exposed on the 

luminal side of PSI. The crosslinking product of PsaE and PsaF demonstrated the 

transmembrane nature of PsaF (Armbrust et al., 1996). Analysis of the amino acid sequences 

of PsaF reveals two moderately hydrophobic regions in this protein. In higher plant, PsaF is 

coded by a nuclear gene. PsaF is synthesized as a precursor protein with a transit sequence that 

is typical of proteins targeted to thylakoid lumen, suggesting the N-terminal bulk of the protein 

is exposed on the luminal side and the C-terminal hydrophobic domain serves as a stop-transfer 

sequence. 

Electron microscopy study using wild type and PsaF-PsaJ-less mutant PSI has shown that 

PsaF and PsaJ form a structural unit, positioned at the periphery of the PSI-trimer diametrically 

opposite to the connection domain formed by PsaL and Psal (Kruip et al., 1997). In the 

electron density map, this region contains three transmembrane and a surface a-helices (KrauQ 

et al., 1996; Schubert et al., 1997). PsaF is proposed to contain two of the three 

transmembrane helices and the surface a-helices and the surrounding region of electron density 

represent the N-terminal region of PsaF. Two to three extended P-strands may be presented in 

PsaF running parallel to the surface helix. Several chlorophyll a molecules are located in the 

PsaF-PsaJ region indicating that PsaF may indeed bind chlorophyll a molecules. Also, PsaF 

has been isolated as a chlorophyll-binding protein (Anandan et al., 1989). 

Based on biochemical depletion and chemical cross-linking experiments, PsaF has been 

proposed to fimction as the plastocyanin or cytochrome Cg docking site on the oxidizing side of 

PSI (Bengis and Nelson, 1977; Hippler et al., 1989; Wynn et al., 1989; Wynn and Malkin, 

1988). Inactivation of the psaF gene from the green alga C. reinhardtii resulted a mutant that 
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still assembles functional PSI complex and is capable of photoautotrophic growth. However, 

electron transfer from plastocyanin to the oxidized reaction center P700* is dramatically reduced 

in the mutant, thereby providing the evidence that PsaF plays an important role in docking 

plastocyanin to the PSI complex in chloroplasts (Farah et al., 1995; Hippler et al., 1997). In 

contrast, the PsaF-less mutant sUrains of Synechocystis sp. PCC 6803 do not show any defect 

in their photoautotrophic growth, cytochrome c^-dependent NADP* photoreduction activity of 

PSI or PTOO* rereduction kinetics (Chitnis et al., 1991; Hippler et al., 1996; Xu et al., 1994c; 

Xu et al., 1994e). Also, the removal of PsaF from PSI complex of Synechocystis elongatus 

had no effect on electron transfer from cytochrome Cg to P700 (Hatanaka et al., 1993). This 

controversial function of PsaF is addressed by the peculiarities of molecular recognition 

between plastocyanin and PSI (Hippler et al., 1996). Two conserved negative patched in plant 

plastocyanin were cross-linked with lysine residues of a domain near the N-terminus of the 

PsaF subunit of plant PSI. This lysine-rich domain of the plant PsaF protein is not found in 

cyanobacteria and is predicted to fold into amphipathic a-helix with six lysine residues on one 

side, which may guide a fast one-dimensional diffusion of plastocyanin and provide the 

electrostatic attraction at a binding site to increase the electron transfer rate by two orders of 

magnitude in plants as compared with cyanobacteria. The functions of plant PsaF and 

cyanobacterial PsaF are different indicating that selection pressure led to evolution of 

plastocyanin and plant PsaF toward fast electron transfer. It is likely that effective 

concentrations of plastocyanin and cytochrome in lumen are higher in cyanobacteria than in 

chloroplast. Alternatively, clear segregation of PSI in grana vs. stroma lamellae require greater 

diffusion of plastocyanin in chloroplasts, thus needing electrostatic attraction for initial 

interactions. 

5. Other proteins of photosystem 1 

The other subunits of PSI do not bmd electron carriers. They are not involved in docking 

of soluble electron carriers, either. However, some of these proteins provide essential 

structural roles in the organization of PSI complex. Also, these subunits contribute to a roughly 

continuous ring of transmembrane helices around the core anterma system of PSI. Thus, they 

may provide a partially enclosed framework to the antenna system, thereby providing 

protection and stability. 

5.1. Psal and PsaL 

Comparison of deduced primary sequences indicates that the PsaL proteins contains a 

greater diversity than seen in other subunits (Chitnis et al., 1995b). However, the protein 

contains several conserved regions of homology, most notably in the hydrophobic regions. 
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Hydropathy analysis of PsaL suggests the presence of a hydrophilic N-terminal domain 

followed by two potential transmembrane domains (Chitnis et aL, 1993). A relatively large N-

terminal domain of PsaL in stacked spinach thylakoids resists proteolysis and is predicted to be 

located on the stromal side (Zilber and Malkin, 1992). 

Function of PsaL was revealed by the inactivation of the psaL gene. Trimeric PS I 

complexes cannot be obtained from the PsaL-deficient mutants of Synechocystis sp. PCC 

6803. Furthermore, PsaL is accessible to digestion by thermolysin in the monomers, but not in 

the PSI trimers from the wild type membranes. Therefore, PsaL is necessary for trimerization 

of PSI and located in the trimer-forming domain in the structure of PSI (Chitnis and Chitnis, 

1993; Chitnis et aL, 1993). The requirement of PsaL for the formation of PSI trimers has been 

confirmed in a PsaL-less mutant of another cyanobacterium Synechococcus sp. PCC 7002 

(Schluchter et aL, 1996). PsaL in Synechocystis sp. PCC 6803 binds calcium, which in turns 

may regulate the formation of PSI trimers (V. P. Chitnis, P. R. Chitnis, unpublished results). 

The deduced amino acid sequences of Psal from plants and cyanobacteria share high degree 

of conservation (Xu et aL, 1995b). The Psal subunits contain a central hydrophobic domain 

flanked by hydrophilic N- and C-termini (Scheller et aL, 1989)). The hydrophobic region 

potentially could make a kinked transmembrane helix. The psal gene from Anabaena variabilis 

ATCC 29413 contains a presequence before the mature polypeptide (Sonoike et aL, 1992). 

This presequence of the Anabaena variabilis Psal is predicted to assist the thylakoid 

translocation and consequentiy the N-terminus of Psal may be located in the lumen. Psal in 

intact thylakoids is not accessible to external proteases (Zilber and Malkin, 1992) and is 

resistant to removal by chaotiropic agents (Scheller et aL, 1989; Xu et aL, 1994a). Thus Psal is 

an integral membrane protein with one tiransmembrane helix. The C-terminal hydrophilic 

domain of Psal of plants contains several positively charged residues (Scheller et aL, 1989), 

whereas it contains several negatively charged residues in cyanobacteria. Significance of this 

difference is not understood. 

Targeted inactivation of the psal gene in Synechocystis sp. PCC 6803 has revealed the role 

of Psal in normal organization of the PsaL subunit of PSI (Xu et aL, 1995b). The absence of 

Psal results in a complete loss of PsaL from the PSI core upon detergent extraction. PsaL in 

the wild-type and Psal-less membranes showed equal resistance to removal by chaotropic 

extraction, but exhibited an increased susceptibility to proteolysis in the mutant strain (Xu et 

aL, 1995b). Therefore, a structural interaction between PsaL and Psal may stabilize association 

of PsaL with the PSI core. The growth rate of Psal-less mutant was identical to that of wild 

type under low or high-intensity of white light but slower than wild type in green light 

(Schluchter et aL, 1996). Both Psal-less and PsaL-less mutants showed a decreased growth 
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rate at higher temperature of 40°C, which suggests a possible fimction for the trimeric 

organization of PSI in cyanobacteria. 

In the crystal structure, there are three fiill-length transmembrane a-helices near the C3 axis 

(KrauB et al., 1996; Schubert et al., 1997). The two helices involved in the trimer contacts are 

assigned to PsaL while the third helix which lies between the core and the PsaL is assigned to 

Psal. The assigrmient elucidates clearly the trimer formation function of PsaL and the 

stabilization fimction of Psal. A short surface a-helix is observed near the stromal which 

matched the prediction of an surface helix in the N-terminus of PsaL. Thus, the N- and C-

termini of PsaL are located at the stromal side. Since PsaL can be crosslinked to PsaD, these 

termini are the regions of the crosslinking site. At least three chlorophyll a molecules are 

positioned within the trimerization domain. Therefore, PsaL and/or Psal may harbor 

chlorophyll a molecules. 

5.2. PsaJ 

PsaJ is a 4.4-kDa hydrophobic protein, which has been identified in PSI preparations from 

cyanobacteria and higher plants. Analysis of the deduced amino acid sequence reveals a highly 

conserved sequence of 22 amino acids which may span the membrane. The hydrophilic N-

terminal domain of PsaJ is only 4-5 amino acids long while the C-terminal domain has overall 

negative charge and more than 15 amino acids. Analysis of a PsaJ-less mutant in 

Synechocystis sp. PCC 6803 has revealed that PsaJ is not required for the electron transfer 

function of PSI, but may interact with both PsaE and PsaF and stabilize PsaF (Xu et al., 

1994d). Therefore, the relatively large C-terminal domain of PsaJ may be located on the 

stromal side and interact with PsaE. In the crystal structure, PsaJ is proposed to be located in 

the same region of PsaF. One transmembrane helix, which is slightly removed from the other 

two, is assigned to PsaJ. 

Psal, PsaJ and PsaM are small hydrophobic proteins in PSI complex, which usually 

contain one putative transmembrane helix flanked by short hydrophilic, charged domains. 

These proteins may fimction as nuts and bolt in the organization of PSI complex. They may 

assist in the correct organization of other subunits by anchoring peripheral proteins and 

stabilizing transmembrane helices in lipid bilayer (Xu etal., 1995b). The PsaJ-PsaF interaction 

may involve stabilization of the transmembrane helix of PsaF (Xu et al., 1994d). Psal stabilize 

the association of PsaL with the PSI core (Xu et al., 1995b). Whether PsaM has the similar 

role in organization of other subunits has not been identified. 
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5.3. PsaK 

PsaK is an integral membrane protein that is tightly associated with the PsaA-PsaB 

complex. It can be removed from this complex by treatment with thiol reagents, without 

affecting PSI charge separation (Wynn and Malkin, 1990). Deduced primary sequences of 

PsaK from higher plants and cyanobacteria do not show high degree of homology (Chitnis et 

al., 1995b); however, they do contain two hydrophobic domains predicted to be membrane-

spanning a-helices. From positive inside rule (Gavel et al., 1991), the N-terminus of PsaK 

may be in the lumen of thylakoids. A central part of PsaK is exposed to external proteases and 

may be on the stromal side of the membranes (Zilber and Malkin, 1992). Detergent treatment 

removes PsaK from the PSI monomer, but not from PSI trimer. In the electron density map of 

PSI, two transmembrane a-helices which are linked luminally, in the interaction region of the 

adjoining monomer, are assigned to PsaK. In higher plants, PsaK can be crosslinked to Lhca3. 

The complete sequence of Synechocystis sp. PCC 6803 genome reveals that two unlinked 

psaYi genes are present in the genome. The psaKl gene codes for the PsaK protein that is 

identified in the PSI complex whereas the larger psaKl gene codes for a distinct PsaK protein 

which has not been identified in the PSI complex. The PsaK-less mutant in Synechococcus sp. 

PCC 7002 and PsaKl-less and PsaK2-less mutant in Synechocystis sp. PCC 6803 have been 

isolated and studied; the mutant strains do not show any defect in the frinction, assembly or 

organization of PSI. 

5.4. PsaM 

PsaM is a very small protein of about 29 amino acids. PsaM is detected only in 

cyanobacterial PSI (Ikeuchi et al., 1993). However, an open reading frame coding for a PsaM-

like peptide is present in the liverwort chloroplast genome (Ohyama et al., 1986). PsaM 

contains a hydrophobic domain flanked by hydrophilic termini. The N-terminus of PsaM may 

be exposed on the p-side of thylakoids. PsaM-less mutants in cyanobacteria have defect in 

photoautotrophic growth under high light intensity (P. R. Chitnis, unpublished results). PsaM 

is assigned to a transmembrane a-helix in the interaction region of PSI monomers in the crystal 

structure. This assigimient position PsaM to face the transmembrane helices of PsaK from the 

adjacent PSI monomer. Thus, PsaM could function in stabilizing the trimer in co-operation 

with PsaK, a similar 'nuts and bolt' function as Psal and PsaJ. 

5.5. PsaH, PsaG, and PsaN 

PsaH, PsaG, and PsaN are the three eukaryote-specific subunits of PSI. The coding genes 

for these three polypeptide psaH, psaG, and psaN are all present in the nucleus. 
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PsaG is an integral-membrane protein with about 100 amino acids, which has been only 

found in eukaryotic PSI complex. The analysis of the primary sequence revealed that the 

moderately conserved PsaG may contain two putative transmembrane domains placed towards 

termini and a highly hydrophilic large extramembrane loop (Chitnis et al., 1995b). From the 

positive inside rule (Gavel et al, 1991), the N-terminus of PsaG is predicted to be in the lumen 

(Okkels et al., 1992). The comparison of the deduced primary sequences of PsaK and PsaG 

shows significant similarity, suggesting that an ancestral gene has been duplicated in a 

chloroplast progenitor to evolve into psaG and psaK, but remained single in cyanobacteria 

(Kjaerulff et al., 1993). Crosslinking using higher plants PSI indicated that PsaG may interact 

with the Lhca2. 

PsaH is another PSI subunit that has only been detected in algae (Franzen et al., 1989) and 

plants (Hayashida et al., 1992; Okkels et al., 1989; Steppuhn et al., 1989). It is - 95 amino 

acids in length and has conserved primary structure (Chitnis et al., 1995b). The mature PsaH 

protein contains an N-terminal acidic domain, a central hydrophobic domain and a C-terminal 

basic region. PsaH is an extrinsic subunit on the stromal side of PSI (Tjus and Andersson, 

1991; aiber and Malkin, 1992). Like PsaG, PsaH may play a role that is specific for PSI from 

plant and algae. In higher plants, PsaH may be located close to Psal and PsaL subunits. 

PsaN is a 9 kDa extrinsic polypeptide of plant PSI located on the p-side of thylakoids (He 

and Malkin, 1992). It does not bind any cofactors and is not required for NADP* 

photoreduction. The cDNA clones encoding the PsaN subunits have been isolated from barley 

and maize (Heck and Chimis, 1998; Knoetzel and Simpson, 1993). The mature PsaN is 85 

amino acids in length, with no putative transmembrane domain. Its transit peptide routes this 

protein to thylakoid lumen by a sec-independent pathway (Mant et al., 1995). In contirast, PsaF 

is routed by a sec-dependent pathway. It is likely that PsaN was added to PSI after the 

divergence of chloroplasts and cyanobacteria. Function of PsaN is not yet identified. 

6. Epilogue 

During the last ten years, information on PSI has increased exponentially due to advances 

in spectroscopy, crystallography and molecular genetics. Elegant combination of these 

techniques has unraveled details of structure and function of the PSI complex. Now we know 

how this complex is organized and what are the functions of its protein and cofactor 

components. Soon an atomic resolution structure of PSI will be available and will allow us to 

probe structure-ftmction relations at finer resolution. These advances will enable use of 

sophisticated techniques of molecular genetics, such as directed evolution of the redox-center 

binding pockets, to engineer novel properties. Such studies are likely to lead us to design of 



38 

new herbicides and resistance genes. With a solid base in structural and functional knowledge, 

attention will also shift to understanding of dynamics of PSI in ihylakoid membranes. How is 

the level of PSI regulated in the membranes? How are different PSI genes controlled to avoid 

wastage due to unassembled proteins? How does feed-back inhibition modulate PSI activity? 

Questions related to regulatory mechanisms can now be addressed through application of 

systems biology approaches in which global changes in the gene expression is studied at 

genomic level. Advances in functional genomics and proteomics are destined to be instrumental 

in understanding the essential and amazing processes in photosynthesis. 
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Figure Legends 

Fig. 2-1. A model for the organization of PSI proteins. A side view of PSI 

proteins is presented. Details of interactions among the PSI proteins can be found in the text. 

Fig. 2-2. Electron transfer in PSI. The electron carriers are arranged according to the 

electron flow on the scale of midpoint redox potentials (Em). Typical values for the half-time 

for the forward reactions are indicated. 

Fig. 2-3. The topographic models of PSI and PSII core proteins. A, PsaA and 

PsaB form both the core antenna and the reaction center of PSI. The 11 transmembrane helices 

are shown as dark boxes for the N-terminal helices and light boxes for the C-terminal helices 

and are numbered as I-XI followed by italic letters a-o corresponding to the helices in the 4A 

crystal structure. The surface helices are shown as horizontal boxes. The bound electron 

carriers P700, PhQ (phylloquinone), and F^ are also shown. B, CP43 and CP47 form the core 

antenna of PSn. The 6 transmembrane helices are shown as dark boxes. C, D1 and D2 

proteins form the reaction center of PSII. The 5 transmembrane helices are shown as light 

boxes. The putative surface helices are shown as horizontal boxes. The bound cofactors P680, 

PQ (plastoquinone), and iron are shown. 
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Table 2-1. Polypeptide subunits of PSI. 

The molecular mass predicted from the deduced primary sequences of Synechocystis sp. 

PCC 6803 PSI is given; the apparent mass observed during PAGE is parenthesized. For PsaG, 

PsaH, and PsaN, a range of molecular masses for the proteins from higher plants are given. 

Subunit Gene Mass Properties Functions 

PsaA 

PsaB 

psaA 

psaB 

82.9 
(66) 

81.2 
(66) 

11 transmembrane, 3 stromal and 1 lumenal Light-harvesting; charge separation; 
surface helices each; together, they bind about electron transfer, photoprotection; 
100 chlorophyll a, P700 chlorophyll a dimer, charge stabilization 
12-16 B-carotenes, 2 phylloquinones, and one 
[4Fe-4S] cluster (Fx) 

PsaC psaC 8.8 
(8) 

Peripheral on stromal (cytoplasmic) side; 
binds two [4Fe-4S] clusters (F;^, Fg); 2 
single-turn a-helices 

Terminal acceptors; donates electrons 
to ferredoxin 

PsaD psaD 15.6 
(17.7) 

Peripheral on suromal (cytoplasmic) side; 
1 a-helix 

Ferredoxin-docking; assembly of PsaC; 
normal EPR properties of Fy^ and Fg 

PsaE psaE 8.1 
(8.8) 

Peripheral on stromal (cytoplasmic) side; 
P-barrel structure 

Facilitates interaction with ferredoxin; 
essential for cyclic electron transport 

PsaF psaF 15.7 
(15.8) 

2 transmembrane helices; large exposure on 
lumenal side; may bind 1-3 chlorophyll a 

Plastocyanin-docking for fast electron 
transfer; stabilize core antenna? 

PsaG psaC 10-
10.8 

2 putative transmembrane helices; only in 
chloroplasts 

Interaction with LHCI 

PsaH psaH 10.2-
11 

Peripheral on stromal side; only in 
chloroplasts 

7 

Psal psal 4.4 
(3.4) 

1 transmembrane helix Normal organization of PsaL 

PsaJ psaJ 4.5 
(3.0) 

1 transmembrane helix Normal organization of PsaF 

PsaK psaK 8.6 
(5.1) 

2 transmembrane helices; may bind 1-2 
chlorophyll a 

Interaction with LHCI; stabilize core 
antenna? 

PsaL psaL 16.6 
(14.3) 

2 transmembrane helices; may bind 2-4 
chlorophyll a 

PSI trimerization; stabilize core 
antenna? 

PsaM psaM 3.4 
(2.8) 

1 transmembrane helix; not in chloroplasts Stabilize trimer in cooperation with 
PsaK? 

PsaN psaN 9 Peripheral on lumenal side; only in 
chloroplasts 

7 
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CHAPTER 3. TOPOGRAPHY OF THE PHOTOSYSTEM I CORE PROTEINS 

OF THE CYANOBACTERIUM SYNECHOCYSTIS SP. PCC 6803' 

A paper published in the Journal of Biological Chemsitry^ 

Jun Sun, Qiang Xu, Vaishali P. Chitnis, Ping Jin, Parag R. Chitnis 

Summary 

PsaA and PsaB are homologous integral membrane proteins that form the heterodimeric 

core of photosystem I. Domain-specific antibodies were generated to examine the topography 

of PsaA and PsaB. The purified photosystem I complexes from the wild type strain of 

Synechocystis sp. PCC 6803 were treated with eight proteases to study the accessibility of 

cleavage sites in PsaA and PsaB. Proteolytic fragments were identified using the information 

from N-terminal amino acid sequencing, reactivity to antibodies, apparent mass, and specificity 

of proteases. The extramembrane loops of PsaA and PsaB differed in their accessibility to 

proteases, which indicated the folded structure of the loops or their shielding by the small 

subunits of photosystem I. Nal-treated and mutant photosystem I complexes were used to 

identify the extramembrane loops that were exposed in the absence of specific small subunits. 

The absence of PsaD exposed additional proteolytic sites in PsaB while the absence of PsaE 

exposed sites in PsaA. These studies distinguish PsaA and PsaB in the structural model for 

photosystem I that has been proposed on the basis of X-ray diffraction studies (Kraup, N., 

Schubert, W.-D., Klukas, O., Fromme, P., Witt, H. R., and Saenger, W., (1996) Nature 

Structural Biol., 3,965). Using osmotically shocked cells for proteases treatments, N-terminus 

of PsaA was determined to be on the /z-side of the photosynthetic membranes. Based on these 

data and available published information, we propose a topological model for PsaA and PsaB. 

Introduction 

Photosystem I (PS I)^ firom cyanobacteria and chloroplasts is a multisubunit membrane-

protein complex that catalyzes electron transfer from reduced plastocyanin (or cytochrome 

' This work is supported in part by grants from the National Science Foundation (MCB#9696170) and the 
National Institutes of Health (GM53104). Journal Paper No. J-17435 of the Iowa Agriculture and Home 
Economics Experiment Station, Ames, Iowa, Project No. 3416 and supported by Hatch Act and State of Iowa 
funds. 
^ Reprinted with permission of the Journal of Biological Chemistry, 272,21793-21802, (1997) 
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to oxidized ferredoxin (or flavodoxin) (1-4). The PsaA and PsaB subunits of PS I form the 

heterodimeric core of the complex which harbors approximately 100 antenna chlorophyll a 

molecules, 10-12 p carotenes, the primary electron donor P700, and a chain of electron 

acceptors (AQ, A, and Fx). PsaA and PsaB also interact direcdy with plastocyanin or 

cytochrome Cg (5-7). In addition to the core proteins, the cyanobacterial PS I complex contains 

9 small subunits (1-3). PsaC binds the terminal electron acceptors and F^, which are two 

[4Fe-4S] center (8). PsaD provides an essential ferredoxin-docking site on the reducing side of 

PS I (9-11) and is required for the stable assembly of PsaC and PsaE into the PS I complex 

(12, 13). PsaE is involved in ferredoxin-docking (10, 14-16) and in cyclic electron flow 

around PS I (17, 18). PsaF provides a component of the docking site for plastocyanin in the 

plant PS I (7, 19, 20), but not in the cyanobacterial PS I (6, 21). PsaL is essential for the 

formation of PS I trimers in cyanobacteria (22). Psal and PsaJ are required for the correct 

organization of PsaL and PsaF, respectively (23, 24). The absence of PsaM in cyanobacterial 

mutants causes deficiency in growth at high light intensity and affects stable assembly of 

PsaD."* The role of PsaK has not been identified. 

During the past few years, major advances in X-ray crystallography (25, 26), electron 

microscopy (27), molecular genetics (10,22) and biochemical smdies (28,29) have provided a 

framework for understanding the overall architecture of PS I. The PS I complex has an 

elongated shape with a local pseudo-2-fold synmietry. PsaC, PsaD and PsaE are peripheral 

subunits, located on the n-side (stromal side in chloroplasts and cytoplasmic side in 

cyanobacteria) of photosynthetic membranes, with PsaC positioned in the center of each 

monomeric PS I on the axis of symmeuy (26, 27). The recent crystal analysis of PS I has 

indicated the location of [4Fe-4S] clusters Fjj, F^^ and F^, 71 chlorophyll a molecules, 31 

transmembrane a-helices, and 9 surface and 3 stromal a-helices (26). A monomer of PS I 

consists of a 'catalytic domain' and a smaller 'connecting domain' that links monomers to form 

a trimer. The connecting domain contains three transmembrane helices which may belong to 

PsaL and Psal (22,23). The remaining helices belong to the PS I core and other subunits in the 

catalytic domain. Twenty-two transmembrane and eight peripheral helices in the catalytic 

domain are arranged in an approximate symmetry (25, 26). Therefore, in agreement with the 

^ The abbreviations used are: PS, photosystem; PMSF, phenyimethanesulfonyl fluoride; MOPS, 3-[N-
morpho]linepropanesulfonic acid; EDTA, ethylenediaminetetraacetic acid; HEPES, N-[2-bydroxyethyl]-
piperazine-N'-[2-ethanesulfonic acid]; Chi, chlorophyll; Fd, ferredoxin; Tris, tris[hydroxymethyl]aminomethane; 
Tricine, N-[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]glycine; SDS, sodium dod^l sulfate; PAGE, 
polyacrylamide gel electrophoresis. 
'* D. A. Bryant, personal conununication; P. Manna and P. R. Chitnis, unpublished results. 
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hydropathy analysis, the PsaA and PsaB cores are proposed to contain eleven transmembrane 

helices each (30). 

Although the X-ray crystallography studies provided information of the PS I core, PsaA 

and PsaB could not be distinguished at the present resolution (26). Similarly, the interactions 

between PS I core and small subunits, the surface domains and residues of the PS I core, and 

positioning of extramembrane loops with respect to the photosynthetic membranes have not 

been elucidated clearly. Topographical studies provide a valuable tool to understand these 

uiuresolved structural features of PS I. In this paper, we describe biochemical studies that used 

subunit-deficient mutants, limited proteolysis, and domain-specific antibodies. We studied the 

accessibility of PsaA and PsaB to different proteases, the shielding of PsaA and PsaB by 

smaller PS I subunits and the position of the N-terminus of PsaA with respect to the membrane 

plane. 

Experimental Procedures 

Cyanobacterial Strains and Culture. Strains of Synechocystis sp. PCC 6803 that were used 

in this study are listed in Table 3-1. Cultures of wild type and mutant strains were grown in 

BG-11 with or without 5 mM Glucose and antibiotics (30 ng/ml chloramphenicol or 40 iig/wl 

kanamycin) under a light intensity of 21 nmol-m"' s '. Cells were harvested at the late 

exponential growth phase and resuspended in 0.4 M sucrose, 10 mM NaCl, 1 mM PMSF, 2 

mM benzamidine and 10 mM MOPS, pH 7.0 for isolation of thylakoids. 

Isolation of the Photosynthetic Membranes and Purification of PS / Complexes. 

Photosynthetic membranes were isolated after cell breakage with a bead beater (Biospec 

Products) (28). To isolate PS I, the membranes were solubilized with Triton X-100, and 

subjected to DEAE-cellulose chromatography and sucrose gradient centrifiigation (31). 

Chlorophyll concentrations in the thylakoid membranes and PS I complexes were determined 

in 80% (v/v) acetone (32). 

Preparation of Osmotically Shocked Cells of Synechocystis sp. PCC 6803. Cells were 

harvested at the late exponential growth phase by centrifiigation (7,000 g, 10 min). The pellet 

was resuspended in 0.4 M sucrose, 5 mM EDTA and 10 mM HEPES, pH 7.0, pelleted again 

and resuspended in the same buffer with 0.2% (w/v) lysozyme to 1 g cells per 10 ml. Cell wall 

was digested by incubation at 27°C for 12 hours under illumination (21 ^mol-m '-s"') with 

constant shaking. Cells were harvested by centrifiigation (7,000 g, 10 min), resuspended in 

osmotic shock solution (50 mM potassium phosphate, pH 6.8,30 mM sodium citrate, 0.2 mM 

CaClj, 1 mM PMSF and 2 mM benzamidine), mcubated on ice for 30 min and harvested by 

centrifiigation (7,000 g, 10 min) again. This osmotic shock treatment was repeated for two 
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additional times. The cells were pelleted and resuspended twice with 10 mM NaCl, 10 mM 

HEPES, pH 7.0 and finally resuspended in 0.4 M sucrose, 10 mM NaCl, 10 mM HEPES, pH 

7.0 for protease treatment (33). 

Treatment of PS I with Proteases and Nal. To study the accessibility of PS I subunits to 

proteases, purified wild type and mutant PS I complexes, wild type thylakoid membranes and 

osmotically shocked cells were incubated with protease at a final chlorophyll concentration of 

200 Jig /ml. The protease reaction conditions are listed in Table 3-2. To remove peripheral 

subunits from the PS I core, purified wild type PS I complex was incubated with 3 M Nal for 

30 minutes on ice (34). The samples were diluted with an excess amount of 10 mM MOPS-

HCl (pH 7.0), 0.05% Triton X-100, and desalted by ultrafiltration through a Centricon-100 

(Amicon). 

Oxygen Uptake Measurements. Purified PS I complexes that had been treated with 

proteases were used for oxygen uptake measurements. In a total volume of 1 ml, PS I 

containing 10 |ig chlorophyll was used for the reaction. PS 11 inhibitor, electron donors and 

electron acceptor were added to a final concentration of: 50 jiM 3-(3,4-dichlorophenyl)-l,l-

dimethylurea; 1 mM ascorbate; 1 mM 3,6-diamino durene and 2 mM methyl viologen. Oxygen 

uptake was measured on the Oxygen Monitoring System (Hansatech, England) under the light 

density of 2430 jimol m"^ s"'. 

Preparation of Antibodies. Domain-specific antibodies were generated using overexpressed 

fusion proteins as antigens. DNA fragments coding the appropriate peptides in PsaA and PsaB 

of Synechocystis sp. PCC 6803, PsaA2 for residues A2-TISPPEREAKAKVS 

VDNNPVPTSFEKWGKPGHFDRTL of PsaA and PsaB450 for residues B450-QILEPVFA 

QWIQATSGKALYGFDVLLSNPDSIASTTGAAWLPGWLDAINSGINSLF of PsaB, were 

amplified by polymerase chain reaction and inserted into expression vector pGEX-KG between 

EcoRI and Xhol sites. The expression of fusion proteins was induced by isopropyl P-D-

thiogalactopyranoside (IPTG). Cells were harvested by centrifiigation and lysed by a probe 

sonicator. The fusion proteins in inclusion bodies were isolated from membranes by 

centrifiigation through 10% sucrose and applied directly for electrophoresis. The gel was 

stained by Coomassie Blue. The fusion proteins were excised firom the gel and used for raising 

antibodies at Cocalico Biological. Antibody anti-PsaB718 was raised against the C-terminus of 

PsaB (35). Antisera were evaluated by Westem blotting against both thylakoid membranes and 

purified PS I complex. All three domain-specific antibodies anti-PsaA2, anti-PsaB450 and anti-

PsaB718 recognized only the 66 kDa diffuse band corresponded to the comigrating PsaA and 

PsaB proteins. 
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Analytical Gel Electrophoresis, Immunodetection and N-Terminal Amino Acid Sequencing. 

Isolated PS I complexes and photosynthetic membranes were solubilized at 37°C for 2 hours 

with 1% SDS and 0.1% 2-mercaptoethanol. Proteins were resolved by a modified Tricine-urea 

SDS-PAGE for better resolution of the PS I subunits (10). After electrophoresis, gels were 

electrotransferred to Immobilon-P polyvinylidene difluoride membranes (Millipore). 

Immunodetection was performed using the enhanced chemiluminescence reagents 

(Amersham). For sequencing of N-termini of proteolytic cleavage fragments, peptides were 

separated by electrophoresis, transferred to Immobilon-P membranes, stained with Coomassie 

Blue containing 1% acetic acid for several minutes, destained with 50% methanol, and rinsed 

with deionized water. The N-terminal sequences were determined on an Applied Biosystems 

477A Sequencer. 

Results 

Activity of the Protease-treated PS I Complexes. In this study, we used limited proteolysis 

to map surface domains in the PsaA-B core of PS I. To examine activity of the protease-treated 

complexes, we determined PS I-mediated oxygen consumption rates by Mehler reaction (36, 

37). Purified wild type PS I complexes were treated by eight proteases and employed in 

oxygen uptake measurements (Table 3-3). The PS I activity of untreated sample was 377.5 

^mol O2 / mg Chi hour. The PS I activities in all eight protease tteatments ranged from 99% to 

133% of the control activity. An active reaction center and functional electron transfer chain are 

required for the PS I activity that is measured by the oxygen uptake. Thus the protease 

treatments did not damage the electron transfer chain within the PS I complex. This may unply 

that the limited proteolysis could only access extramembrane loops. In most protease-treated 

samples, the PS I activity was higher than that in the untreated control. Proteases might have 

degraded the extramembrane loops and small subunits, thereby facilitating access of electron 

donor or acceptor to the electron Oransfer centers in the PS I complexes. 

Accessibility ofPsaA and PsaB to Proteases. Purified PS I complexes firom the wild type 

strain were treated with proteases to study the accessibility of cleavage sites in PsaA and PsaB. 

The PS I complexes were treated with different concentrations of proteases and the resulting 

fragments were stained by Coomassie Blue or immunodetected by the three domain-specific 

antibodies (Fig. 3-1). The apparent masses of protein fragments were determined from the 

migration of prestained protein molecular weight standards (GIBCO-BRL) upon 

electrophoresis. The protein fragments that were visible in Coomassie Blue staining were 

subjected to N-terminal amino acid sequencing. Three criteria, the N-terminal sequences, the 
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apparent mass, and the immunoreactivities of proteolytic fragments, were used to identify the 

proteolytic riragments (Table 3-4). 

The Thn, GlIII, and Pain fragments were deduced accurately from their N-terminal 

sequence and from their immunodetection by anti-PsaB718 showing that they contain the C-

terminus of PsaB. The ThI, ThIII, ThlV, and Chi fragments were recognized by the anti-

PsaB450 antibody indicating that they contain the PsaB450 peptide. The ThI fragment also 

contained the N-terminus of PsaB and showed a similar accumulation pattern as the Thn 

fragment. The immunodetection pattem and apparent mass imply that these fragments resulted 

from a single cleavage at Ile-498 of PsaB. The Thin and ThIV fragments were predicted with 

the same C-terminus of the ThI fragment and matched the inmiunodetection and apparent mass. 

They may have resulted from the further cleavage of the ThI fragment as their accumulation 

followed that of ThI. The N-terminus of the Chi fragment resulted from the cleavage at Phe-8 

of PsaB protein. The immunodetection and apparent mass of the Chi fragment is similar to the 

ThI fragment, thus the C-terminus of the Chi fragment should result from a cleavage close to 

Ile-498. The only reasonable site to generate C-terminus of the Chi fragment is Phe-506. When 

the PS I complexes were treated with trypsin, the signals corresponding to the intact PsaA were 

decreased significantly when detected by anti-PsaA2. Also, a difftised band that migrated 

slightly faster than the PsaA-B band was visible in Coomassie Blue staining. This can be 

explained as a cleavage in the N-terminal sequence of PsaA. The N-terminal sequence of the 

TrI fragment revealed the cleavage site in the N-terminal extramembranal domain of PsaA. 

Thus these fragments, grouped as type I fragments, could be identified with accuracy. Similar 

to many membrane proteins, the electrophoretic behavior of the PS I core proteins was 

anomalous compared to the migration of soluble proteins. The comigrating PsaA and PsaB 

formed the 66 kDa diffuse band in PAGE while the deduced mass is more than 80 kDa. The 

predicted mass was higher than the apparent mass. This was also true for the type I fragments 

and was considered during the prediction of the other fragments. 

Table 3-5 lists the results of Westem blotting, the apparent mass, and the predicted 

proteolysis regions for the protein fragments that could be unmunodetected with domain-

specific antibodies. The identity of these fragments could be predicted by several ways. The 

prediction of type 1 fragments was described in the previous paragraph. Type 2 and type 3 

fragments contained epitope for N-terminus of PsaA or epitope at the C-terminus of PsaB, as 

shown by the immunodetection results. Based on their apparent mass, there was only one 

reasonable cleavage site for the fragments of type 2. For example, the GIV fragment, a 44.5 

kDa polypeptide recognized by anti-PsaA2, could result from the proteolysis at Glu-512 in 

PsaA with a predicted mass of 47.5 kDa. The adjacent Glu-C cleavage sites were Glu-342 or 
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Glu-695 in PsaA which made the predicted mass of 37.9 kDa or 76.9 kDa unreasonable for 

GIV. In type 3 fragments, there were several possible cleavage sites located within one 

extramembrane loop or in a region containing two extramembrane loops. For example, the Gin 
fragment, a 33.7 kDa peptide immunodetected with anti-PsaA2, could result from four 

reasonable cleavages between Glu-323 and Glu-342 in PsaA with the predicted mass from 

35.8 kDa to 37.9 kDa. These four possible cleavage sites were located in the E loop. The LyI 

fragment is the only type 4 fragment. It accumulated sunilar as the TrI fragment, so it was 

predicted to have the similar cleavage at the N-terminal loop of PsaA. The type 5 fragments 

contained the peptide PsaB450 but there was not enough data to identify them accurately. 

Overall, the limited proteolysis of the wild type PS I provided extensive information about the 

residues that are exposed on the surface of the PS I complex. 

Treatment of mutant PS I complexes with proteases. As the components of the multiprotein 

PS I complex, the PsaA and PsaB core proteins interact with the small subunits. To study these 

interactions, subunit-deficient mutant PS I complexes (Table 3-1) and Nal-treated PS I 

complexes were used for limited proteolytic treatments. Different PS I complexes were 

incubated with proteases, and resulting fragments were detected by Western blotting (Fig. 3-

2). When specific small subunits were absent, the proteolytic sites in die core proteins that are 

shielded by the small subunits were expected to be exposed to proteases. Indeed, additional 

peptide fragments that reacted with the three domain-specific antibodies were obtained in 

mutant PS I complexes compared to the protease-treated wild type PS I complexes. The 

apparent mass and the immunoreactivity were used in prediction of the additional fragments 

(Table 3-6). 

In general, the ADC4, AEK2, and Nal-treated PS I complexes yielded more additional 

proteolytic fragments than the AFK6 and AIC9 complexes indicating that the peripheral PS I 

subunits shield more extramembrane proteolytic sites in the core proteins than the integral 

membrane proteins. When the ADC4 and Nal-treated PS I complexes were incubated with 

proteases, PsaA and PsaB were digested much more rapidly than the core proteins in the wild 

type PS I complexes. The AEK2, AFK6, and AIC9 complexes were more resistant to 

proteolysis than ADC4 and Nal treated PS I complexes. The untreated ADC4 and Nal-treated 

PS I complexes contained 42 kDa fragments detected by anti-PsaA2 and anti-PsaB450. The 

natural degradation of PsaA is predicted in the H loop. The degradation fragment of PsaB was 

similar to the ThI fragment that resulted from the cleavage at Ile-498 in the H loop. Therefore, 

these results suggest that the natural degradation may occur in the H loops of both core 

proteins. 
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Information about the protection of PsaA by small subunits can be obtained from the 

inmiunodetection data with the anti-PsaA2 antibody. Additional fragments were not observed 

in ihe protease treatments of the AIC9 complexes. Therefore, PsaL and Psal may not shield 

protease-recognition sites in PsaA from proteolysis. When the PS I complexes from the AFK6 

strain were treated with trypsin, the additional 40 kDa TrA fragment was obtained. The TrA 

fragment could result from a cleavage in the H loop of PsaA. When the PS I complexes of the 

ADC4 strain were treated with proteases, the major fragments detected by anti-PsaA2 was the 

42 kDa degradation fragments. However, when the PS I complexes of the AEK2 strain were 

treated with proteases, small additional proteolytic fragments (ThC-F, ChC-F, and CIC) 

resulted from the cleavages in the N-terminal domain of PsaA. Also, a 44 kDa fragment (CIA) 

resulted from accessible sites in the C-terminal domain of PsaA. The cleavages in the N-

terminal domain of PsaA could be detected only upon protease-treatment of the PsaE-less 

AEK2 complexes, implying that the N-terminal domam of PsaA may interact with PsaE. The 

Nal treatment of PS I complexes removed PsaD, PsaE, and PsaC from the core proteins. 

When the Nal-treated PS I complexes were treated with proteases, the anti-PsaA2 antibody 

immunoreacted with the 42 kDa degradation product that was similar to the one in the protease-

treated ADC4 complex and also with the large proteolytic fragments similar to the ones in the 

protease-treated AEK2 complex. 

When detected with the anti-PsaB450 antibody, the protease-treated PS I complexes of the 

AEK2, AFK6, and AIC9 strains contained the similar pattem as the protease-treated wild type 

PS I proteins. For the protease treatments of the ADC4 and Nal-treated PS I complexes, the 

28.2 kDa LyC fragment was detected in addition to the 42 kDa degradation fragment. Some 

diffused fragments between the 42 kDa fragment and the intact PsaA-B protein were also 

observed, especially in the Nal-treated PS I complexes. When compared with the detection by 

the anti-PsaB718 antibody, these fragments did not contain the C-terminal epitope. These 

fragments could result from the cleavages in the I, J, or K loops which are close to the C-

terminus of PsaB. 

Additional fragments were detected by the anti-PsaB718 antibody in all mutant PS I 

complexes. The 28.2 kDa LyC fragment that was recognized by the anti-PsaB450 antibody 

was also immunodetected by the anti-PsaB718 antibody when the ADC4 and Nal-treated PS I 

complexes were treated with the Lys-C protease. From its apparent mass and the presence of 

the C-terminal epitope, this fragment was predicted to have N-terminus from one of S possible 

cleavage sites in the G and H loops to the C-terminus of PsaB. Proteolysis at these sites should 

result in fragments with a predicted mass of 31.0 kDa to 36.8 kDa. When the PS 1 complexes 

of AFK6 were treated with trypsin, the 22.7 kDa TrB fragment was detected by the anti-
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PsaB718 antibody. This fragment could have resulted from a cleavage at Lys-449 or Lys-467 

in the H loop of PsaB. In the ADC4 and Nal-treated PS I complexes, an additional 40.0~45.0 

kDa fragment shown as LF in Fig, 3-2 was detected in most protease treatments. This fragment 

was absent in the untreated PS I complex. The possible cleavage sites may be located in the C, 

D, and E loops of PsaB with a predicted mass of 45.0 kDa to 63.4 kDa. However, no such 

fragment was observed in the AEK2, AFK6 and AIC9 PS I complexes. Therefore, the N-

terminal domain of PsaB is protected by PsaD, but may not interact with the other subunits. 

Previous work has indicated that a 16 kDa proteolytic fragment detected by anti-PsaB718 in 

thermolysin treated ADC4 PS I complex was resulted from a cleavage at Leu-531 in the I loop 

of PsaB (28). Similar proteolytic fragments, such as ChB, CIB, LyA, LyB, ThA in different 

mutant PS I complexes, were detected. These proteolytic fragments could result from cleavages 

in the I loop of PsaB indicating that the I loop in the C-terminal domain of PsaB may interact 

with several subunits. In the Lys-C treatments, two close fragments from the cleavages in the I 

loop of PsaB were obtained in the AFK6, AIC9, and Nal-treated PS I complexes with apparent 

mass about 15.5 kDa and 16.8 kDa. Only one such fragment was detected in ADC4 and AEK2 

each, with a slight difference in their apparent mass. One of the four lysyl residues in the I loop 

may be involved in the cleavage by the Lys-C endoprotease. The cleavage at Lys-533 may 

yield a C-terminal fragment with a predicted mass of 22.7 kDa while the cleavage at Lys-542, 

Lys-547 or Lys-548 would result in the fragment containing C-terminal epitope with a 

predicted mass of 21.1-21.8 kDa. According to these results, LyB was predicted as the 

cleavage at Lys-533 in the AEK2, AFK6, AIC9, and Nal-treated PS I complexes while LyA 

might have resulted from the cleavage at one of the other three lysyl residues in the ADC4, 

AFK6, AIC9, and Nal-treated PS I complexes. 

Apparently, numerous proteolytic fragments resulted from the cleavages in the C-terminal 

domain of PsaB in the mutant PS I complexes indicating the shielding and protection of this 

domain by the missing small subunits. These results imply that the C-terminal domain of PsaB 

may play an important role in the assembly of the PS I complex. 

Orientation of the N-terminus of the PsaA protein. The osmotically shocked Synechocystis 

sp. PCC 6803 cells were treated with trypsin and Lys-C and examined by Western blotting. 

The thylakoid membranes that had been isolated by usual procedure (38) were used as a 

control. Two antibodies, anti-PsaD and anti-PsbO were used to test the intactness of thylakoid 

membranes after osmotic treatment and during protease digestions. The domain-specific 

antibody anti-PsaA2 was used to determine the orientation of PsaA (Fig. 3-3). PsaD, which is 

located on the n-side of photosynthetic membrane, was expected to be exposed to proteases 

during the treatment. Small fragments in Lys-C and trypsin treatments were recognized by anti-
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PsaD indicating the digestion of PsaD in membranes from both control and osmotically 

shocked cells. Digestion of PsaD in the osmotically shocked cells was not as extensive as in 

isolated membranes. Due to a large amount of cytoplasmic proteins, protease to protein ratio in 

the cell treatments was expected to be lower than in the thylakoid treatments. If the thylakoid 

membranes were intact during the protease treatments, PsbO which is located on the p-side of 

photosynthetic membrane was expected to remain intact. In membranes, PsbO was not detected 

after protease treatment. Contrastingly, most PsbO remained intact in the osmotically shocked 

cells. These results showed that the osmotically shocked thylakoid membranes remain largely 

intact during the protease treatments. In Lys-C and Trypsin treatments, significant degradation 

of PsaA was observed when anti-PsaA2 was used for detection. As described before, the 

degradation of PsaA in Lys-C and trypsin treatments was resulted by the cleavage in the N-

terminal loop of PsaA. Therefore N-terminus of PsaA was exposed to proteases in the 

osmotically shocked cells showing that it is on the n-side of photosynthetic membranes. 

Discussion 

PS I is a multisubunit protein complex that contains at least 11 polypeptides in 

cyanobacteria (1). In this study, we used domain-specific antibodies, limited proteolysis, and 

subunit-deficient PS I complexes to understand the topography of the PsaA and PsaB proteins 

which form the catalytic hydrophobic core of PS I. Domain-specific antibodies were generated 

against specific peptides in PsaA and PsaB. Western blotting with thylakoid membranes and 

purified PS I complexes showed that the antibodies are specific to PsaA or PsaB. N-terminal 

amino acid sequences of the fragments recognized by antibodies (Table 3-4) demonstrated the 

domain-specificity of the antibodies to PsaA and PsaB proteins. The Glin ft'agment with the 

N-terminus at Lys-449 of PsaB was recognized by the anti-PsaB450 antibodies, while the Thll 

fragment with the N-terminus at Ile-498 of PsaB was not recognized by anti-PsaB450. These 

results indicated that the specific binding domain of anti-PsaB450 should be located between 

Lys-449 and Ile-498 of PsaB protein, the corresponding peptide of anti-PsaB450. N-terminus 

of the TrI fragment which was not recognized by anti-PsaA2 started at Trp-28 of PsaA. 

Therefore anti-PsaA2 specifically recognizes the N-terminus of PsaA. Limited proteolysis has 

been successfully used to probe transmembrane topology of membrane proteins. In these 

analyses, it is necessary to establish conditions that allow cleavage of the extramembrane 

loops, but not of the transmembrane regions. We ensured integrity of the hydrophobic core of 

PS I after proteolysis from measuring PS I activity using artificial electron donor and acceptor 

(Table 3-3). 
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The structure of cyanobacterial PS I complex at 4-A resolution has indicated that PsaA and 

PsaB have eleven transmembrane helices each. These helices span the lipid bilayer completely 

(26). Based on the available information and ilie results in this paper, we proposed a model for 

transmembrane folding of the PsaA and PsaB core proteins (Fig. 3-4). The homology between 

PsaA and PsaB proteins implied that they would fold similarly. Therefore, the model in Fig. 3-

4 should be applicable to both PsaA and PsaB proteins. In this model, eleven transmembrane 

helices span the thylakoid membrane completely with the N-termini on the n-side of thylakoid 

membrane. Consequently, the C-termini are on the p-side of thylakoid membrane (Fig. 3-4). 

Such orientation is supported by the following observations. The 4-A crystal structure 

indicated clearly the complete spanning of the eleven transmembrane helices (26). The Lys-C 

and trypsin treatments of the osmotically shocked cells in this paper suggested that the N-

terminus of PsaA is located on the n-side of the thylakoid membrane. Xu and Chitnis showed 

that the K loop interacts with PsaD which is located on the n-side of the thylakoid membrane 

(28). Vallon and Bogorad located the G loop on the n-side and the F and H loops on the p-side 

by using immunogold labeling (29). The I loop with the F^ binding domain should be located 

on the n-side of the thylakoid membrane. Also, die six w-side extramembrane loops contain 

majority of the positive residues, which agrees with the 'positive inside' rule (39, 40). 

Therefore, now there is sufficient evidence from different sources that coUectively demonstrate 

the transmembrane orientation of the PsaA and PsaB proteins (Fig. 3-4). 

Because of the folded structure of the substrate proteins, proteases cannot cleave at every 

recognition site in the primary sequence. The accessibility of extramembrane loops in PsaA and 

PsaB to proteases is determined by folding of the loops. Some loops may form loose 

conformation which will be exposed readily to proteases. In contrast, some loops may have 

compact conformation, like the helices that are parallel to the membrane plane. Many protease 

recognition sites in the compact loops may not be accessible to proteases. Also, the protection 

from other proteins will reduce the surface exposure of the loops. For these reasons, the 

accessibility of extramembrane loops in PsaA and PsaB differed for each loop (Fig. 3-4). The 

protease recognition sites in the C, F, and K loops of PsaA and PsaB could not be cleaved, 

while the H and E loops of PsaB were readily accessible to proteases. The H loop is on the p-

side of the thylakoid membrane in the model. It is only one transmembrane helix from the I 

loop which contains the F^-binding motif and interacts with PsaC on the n-side (41, 42). From 

the arrangement of helices in the 4-A model of PS I, both I and H loops should be located in 

the center of the PS I core. The extensive accessibility of the H loop to proteases and its p-side-

location imply that the H loop of PsaB could be accessible to interaction with plastocyanin or 

cytochrome Cg, the electron carriers that transfer electrons from cytochrome bj complex to the 
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P700 reaction center of PS I complex in the p-side of the thylakoid membrane. PsaF is 

involved in docking of plastocyanin in the plant PS I (7, 19, 20), but not in the cyanobacterial 

PS I (6, 21). This difference is ascribed to a lysine rich sequence that is present in the N-

terminal region of the plant PsaF but not in the cyanobacterial PsaF (43). Besides PsaF, the H 

and J loops are the only two domains exposed to p-side and located in the center the PS I 

complex. When the H and J loops sequences of PsaA and PsaB from high plants and 

cyanobacteria are aligned, there is major difference in a twelve residues sequence in the H loop 

of PsaB while not in others (4). This information suggests that the H loop of PsaB in 

cyanobacterial PS I complex may help the docking of plastocyanin or cytochrome Cg from the 

p-side of the thylakoid membrane and even contribute to the electron transfer from these two 

electron donors to the P700 reaction center. 

In the 4-A crystal structure of PS I, the C-terminal domains from both PsaA and PsaB core 

proteins form a cage where the electron transfer chain is located. This important cage is the 

catalytic center of PS I complex and is protected by PsaD, PsaC, and PsaE subunits from the 

n-side and by the surface helices 1 and 1' in the J loop of PsaA and PsaB from the p-side of the 

thylakoid membrane (26). The protection of the C-termmal domains in PsaA and PsaB is also 

observed in the protease-treatments of the wild type PS I complex. The only cleavages may 

occur in the I, J, K, and L loops were the PaVI and PaVn fragments from the papain treatment 

accompanying with the complete degradation of the small subunits PsaD and PsaF. With intact 

small subunits, the C-terminal loops I, J, K, and L are well protected from the limited 

proteolysis. Protection by the small subunits is also shown by the numerous proteolytic 

fragments from the cleavages in the I loop of PsaB in the mutant PS I complexes (Table 3-6). 

The additional fragments in protease treatments of the subunit-deficient PS I complexes 

provide information about the interactions between the small subunits and the loops of PsaA 

and PsaB. PsaE is the only missing subunit in the PS I complex from the AEK2 strain. The 

additional fragments from the protease treatments of AEK2 complexes indicated that the 

absence of PsaE resulted in possible cleavages in the B, C, D, E, F, G, H, and I loops of PsaA 

and the I loop of PsaB (Table 3-6). As a n-side subunit, PsaE may interact with the C, E, F, 

and 1 loops in the n-side of the thylakoid membrane. The cleavages in the p-side loops may 

result from further digestion of the degradation products. Therefore, PsaE may interact with the 

n-side loops in the N-terminal domain of PsaA and the I loops of both PsaA and PsaB (Fig. 3-

4). In the protease treatments of the ADC4 PS I complexes, additional cleavages were located 

in the C, D, E, G, H, and I loops of PsaB (Table 3-6). Thus, PsaD may interact with the n-

side loops in the N-terminal domain of PsaB and the I loop of PsaB (Fig. 3-4). Additionally, 

Xu and Chitnis identified that PsaD may shield the I and K loops of PsaB (28). When the PS I 
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complexes from the AFK6 and AIC9 strains were treated by proteases, no additional fragments 

from the N-terminal domains of PsaA and PsaB was observed. The AFK6 and AIC9 mutant 

PS I complexes do not contain PsaF-PsaJ and Psal-PsaL, respectively. Therefore, the 

extramembrane loops in the N-terminal domains of PsaA and PsaB may not interact with these 

subunits. The trypsin treatment of the AFK6 PS I complex yielded the TrA and TrB fragments. 

These two fragments resulted from the cleavages in the H loops of PsaA and PsaB (Table 3-6). 

Between the two subunits absent in the AFK6 complex, PsaJ is mainly a transmembrane helix 

while PsaF has been proposed to contain a peripheral domain on the p-side of membrane (44). 

Therefore, the /7-side domain of PsaF may interact with the H loops of PsaA and PsaB on the 

p-side of the thylakoid membrane (Fig. 3-4). In the Lys-C treatments of the AFK6 and AIC9 

PS I complexes, additional cleavages were observed in the I loop of PsaB. The missing 

subunits in these mutant PS I complexes may not directly interact with the I loop of PsaB 

because the predicted position of these subunits in the 4-A crystal structure were not close 

enough to the I loop of PsaB (26). However, chemical crosslinking studies have yielded the 

following cross-linked products: PsaC-PsaD, PsaC-PsaE, PsaD-PsaL, PsaE-PsaF (44, 45). 

The interactions between the cross-linked subunits may cause some conformation changes of 

PsaD, PsaE, or even PsaC in the mutant PS I complexes. Therefore, the I loop of PsaB which 

was protected by PsaD and PsaE subunits could be exposed to protease in the AFK6 and AIC9 

PS I complexes. Correspondingly, the absence of PsaE may cause the conformational change 

in PsaF and result the exposure of the H loops of PsaA and PsaB which are shielded by PsaF. 

In the thermolysin treatment of the AEK2 PS I complex, the ThB fragment resulted from the 

cleavage in the H loop of PsaB (Table 3-6). As described above, PsaF may interact with the H 

loops of PsaA and PsaB while Psal, PsaL, and PsaJ may not shield the extramembrane loops 

of the core proteins (Fig. 3-4). 

In the 4-A crystal structure of PS I, core proteins PsaA and PsaB contribute their C-

terminal domain to form the central cage of PS I core while the N-terminal domain of PsaA and 

PsaB may form the peripheral helices. PsaA and PsaB may crossover in the central cage so 

both the C-terminal domains of PsaA and PsaB may be protected by a single subunit (26). For 

this reason, PsaF can interact with both H loops of the core proteins and PsaE can shield both I 

loops of PsaA and PsaB (Fig. 3-4). However, the peripheral helices in one of the two 

synmietry region should be donated from one of the core proteins. The absence of PsaE results 

further cleavages in the N-terminal domain of PsaA while the absence of PsaD results fiirther 

cleavages in the N-terminal domain of PsaB in the protease treatments of the mutant PS I 

complexes (Fig. 3-4). This asymmetrical interactions indicated the arrangement of the N-

termini of the PsaA and PsaB core proteins related to the PsaD and PsaE subunits. However, 
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the electron microscopy study has revealed that PsaD and PsaE are located in different sides of 

the central axis and they do shield different parts of the core proteins (46). Combining these 

information, we propose a model to distinguish PsaA and PsaB in the 4-A crystal structure of 

PS I (Fig. 3-5). In this model, the region partly covered by PsaD and not by PsaE belongs to 

PsaB while the region only covered by PsaE belongs to PsaA. Therefore, our data indicate that 

the primed helices in the 4-A map belong to PsaA while the unprimed helices are assigned to 

PsaB if the primed and unprimed helices are contributed from each of the core proteins (Fig. 3-

5). 

To conclude, the topographical analyses of the PsaA and PsaB proteins have allowed us to 

examine the accessibility of their extramembrane loops to proteases, the shielding and 

protection of these loops by small subunits, the location of the N-terminus of PsaA and the 

assignment of the two core proteins relative to small subunits in the 4-A map. The biochemical 

techniques are indeed valuable for deciphering structure of membrane proteins and complement 

of the biophysical techniques which cannot be applied readily to structural analysis of 

membrane proteins. 
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Figure Legends 

FIG. 3-1. Accessibility of the wild type PS I complex to proteases. Purified 

wild type PS I complexes were incubated with different concentrations of proteases for the time 

indicated in Table 3-2. The concentrations 0-3 were 0, 0.4, 2, 10 ng papain/mg chlorophyll in 

papain treatment and 0, 10, 50, 250 fig protease/mg chlorophyll in other protease treatments. 
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The samples were resolved by Tricine-urea-SDS-PAGE and transferred to the Inunobilon-P 

polyvinylidene difluoride membranes. The protein fragments were detected by Coomassie Blue 

(Cfl) staining (25 |ig chlorophyll used) and Western blotting (5 ^g chlorophyll used) with three 

domain-specific antibodies. The clostripain and pepsin treatments are not shown here. The 

molecular masses of protein fragments were determined from migration of the following 

protein markers: insulin (2.9 kDa), bovine trypsin inhibitor (5.8 kDa), lysozyme (14.7 kDa), 

P-lactoglobulin (18.5 kDa), carbonic anhydrase (28.9 kDa) and ovalbumin (44.0 kDa). 

FIG. 3-2. Treatment of the subunit-deficient PS I complexes with proteases. 

The PS I complexes were incubated with different proteases at the final concentration as 

described in Table 3-2. The samples equivalent to 5 |ig chlorophyll were analyzed by Tricine-

urea-SDS-PAGE and Western blotting with three domain-specific antibodies. For treatments: -, 

control; Ch, chymotrypsin; CI, clostripain; Gl, Glu-C; Ly, Lys-C; Pa, papain; Pe, pepsin; Th, 

thermolysin; Tr, Uypsin. 

FIG. 3-3. Transmembrane orientation of the N-terminus of the PsaA protein. 

Thylakoid membranes were isolated from osmotically shocked cells treated by Lys-C and 

trypsin while isolated thylakoid membranes were treated by proteases as control. Samples 

equivalent to 5 |ig chlorophyll were analyzed by Tricine-urea-SDS-PAGE and Western blotting 

with three antibodies. O.S., osmotically shocked; Ly, Lys-C; Tr, trypsin. 

FIG. 3-4. A folding model for PS I core proteins PsaA and PsaB. The putative 

transmembrane helices are based on the hydropathy analyses of PsaA and PsaB from 

Synechocystis sp. PCC 6803 (30). The 11 transmembrane helices are shown as dark boxes for 

the  N- te rmina l  he l ices  and  l igh t  boxes  fo r  the  C- te rmina l  he l ices  and  a re  numbered  as  I -XI  

followed by italic letters a-o corresponding to the helices in the 4-A crystal structure (26) with 

the starting and ending sites. Extramembrane loops are named as italic capital letters A-L and 

shown as light thin lines. Two a-helices that are parallel to the membrane plane (26) are shown 

as boxes in the J and K loops. The peptides for raising domain-specific antibodies are indicated 

as dark bold lines with starting and ending sites. In the model, the '•=>' and with amino 

acid residues indicate the identified cleavage site on PsaA and PsaB, respectively. A pair of 

or coupled with numbers indicate the possible region of cleavage on PsaA and PsaB, 

respectively. Information from immunogold labeling which showed orientation of some 

extramembrane loops of PsaA (29) are marked as small boxes in the F, G, and H loops. The 

large 'c' and 'k' with the descriptions indicate the interactions among the small subunits and 

PsaA and PsaB, respectively. indicates the information from reference (28). 
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FIG. 3-5. A topological model for PS I complex. The model is modiHed from the 4-

A crystal strucmre (26). The organization of PS I complex is viewed from the top. The PS I 

subunits are indicated as the regions distinguished by dotted lines with the transmembrane 

helices (26). 
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Table 3-1. Strains of Synechocystis sp. PCC 6803 that were used in this study 

Strains Description Characteristics of the purified PSI complexes 

WUd Glucose-tolcrant strain Eleven subunits resolved upon electrophoresis; 

type capable of light-driven Cyt c6 oxidation and 

Fd reduction 

ADC4 psaD replaced by a PsaD and PsaL missing; no Fd-mediated 

chloramphenicol-resistance gene NADP+ photoreduction (10, 34,47,48) 

AEK2 psdE replaced by a kanamycin- Only PsaE missing; reduced Fd-mediated 

resistance gene NADP+ photoreduction (10,49) 

AFK6 psa¥ replaced by a kanamycin- PsaF and PsaJ missing and level of PsaE 

resistance gene; psal decreased; normal rate of P700 reduction by 

transcriptionally inactivated Cytc6(6, 10,21) 

AIC9 psal interrupted by a Psal and PsaL missing; small decrease of Fd-

chloramphenicol-resistance gene; mediated NADP+ photoreduction (23) 

psdL Uranscripts decreased 



Table 3-2. Reaction conditions of proteases treatment 

Proteases Thermolysin Glu-C Chymotrypsin Papain Lys-C Trypsin Clostripain Pepsin 

(EC 3.4.24.4) (EC 3.4.21.19) (EC 3.4.21.1) (EC 3.4.22.2) (EC 3.4.21.50) (EC 3.4.21.4) (EC 3.4.22.8) (EC 3.4.23.1) 

Speciricity '^[VILWMF] [Er lYFW]'^ [RKILG]'^ IK]'^ [KR]'^ [R]'^ [FLYWIl'^ 

Source Bacillus Staphylococcus bovine Carica Pseudomonas porcine Clostridium porcine 

thermo- aureus pancreas papaya aeruginosa pancreas histolyticum stomach 

proteolyticus (Boehringer (Boehringer (Boehringer (Promega (Promega (Promega (Boehringer 

(Sigma) Mannheim) Mannheim) Mannheim) Biotech) Biotech) Biotech) Mannheim) 

Final protease 250 250 250 10 250 250 250 250 

concentration Hg/mg Chi Hg/mg Chi fig/mg Chi ^g/mg Chi Hg/mg Chi |ig/mg Chi Hg/mg Chi Hg/mg Chi 

Proteolysis lOmM MOPS 50mM 50mM Tris- lOmM MOPS 25mM Tris- 50mM Tris- 20mM Tris- 20mM 

condition'^ (pH7.0); NH4HCO3 HCl (pH8.0); (pH7.0); HCl (pH7.5); HCl (pH8.0); HCl (pH7.5); NaH2P04 

5mM CaCl2 (pH7.8) lOmM CaC12 0.5mM EDTA; ImMEDTA ImM CaCl2 ImM CaCl2; (pH4.0) 

1.5mMCySH 2mMDTT 

Incubation 37*C BOmin 15'C30min 25*C Ihour 25*C Ihour 37*C Ihour 37*C Ihour 37*C Ihour 37*C Ihour 

Termination 20mM 20mM 20mM 20mM 20mM 20mM 20mM 20^M 

EDTA PMSF PMSF PMSF PMSF PMSF EDTA pepstatinA 

•: 0,05% Triton X-100 was added for purified PS I complexes. 
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Table 3-3. Oxygen measurements of protease-treated PS I complexes 

Protease treatment PS I activity (^unol Oj/mg Chi-hour) 

Control 377.5 

Chymotrypsin 416.0 

Clostripain 371.9 

GIu-C 408.8 

Lys-C 472.8 

Papain 380.9 

Pepsin 431.5 

Thermolysin 455.9 

Trypsin 503.4 
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Table 3-4. N-terminal amino acid sequence analysis of the proteolytic fragments in Fig. 3-1 

The position of the first amino acid was identified after comparison with the deduced amino 

acid sequence of PsaA and PsaB. 

Proteolytic N-terminal Position of the Predicted Apparent Predicted 

fragments sequence first amino acid fragment mass(kDa) mass(kDa) 

ThI ATKFPKF PsaB: 2 PsaB2-497 45.0 54.7 

Thn INSGINS PsaB: 498 PsaB498-73I 23.8 26.4 

Thin WGIGHS PsaB: 295 PsaB295-497 16.2 22.1 

ThIV ILNAHKG PsaB: 304 PsaB304-497 15.2 21.1 

Gim KQILIE PsaB: 449 PsaB449-731 27.6 31.7 

Chi SQDXA PsaB: 9 PsaB9-506 43.2 54.8 

Pam QATXGK PsaB: 462 PsaB462-731 26.2 30.1 

TrI WGXPG PsaA: 28 PsaA28-? 53.6 ? 
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Table 3-5. Accessibility of PsaA and PsaB to proteases: the predicted proteolysis sites 

Proteolytic Immunodetection Apparent Predicted Accessible Predicted Prediction 
fragments mass (id3a) fragment site location* mass (kDa) type 

TW Anti-Ps£iB450 45.0 PsaB: 2-497 PsaB:H 54.7 1 

Thn Anti-PsaB718 23.8 PsaB: 498-731 PsaB:H 26.4 1 

Thin Anti-PsaB450 16.2 PsaB: 295-497 PsaB: E&H 22.1 1 

ThIV Anti-PsaB450 15.2 PsaB: 304-497 PsaB: E&H 21.1 1 

GlI Anti-PsaB450&B718 41.2 PsaB: 304-731 PsaB: E 47.5 2 

Gin Anti-PsaA2 33.7 PsaA: l-(323-342) PsaA: E 35.8-37.9 3 

GIffl Anti-PsaB450&B718 27.6 PsaB: 449-731 PsaB:H 31.7 1 

GIIV Anti-PsaA2 21.0 PsaA: 1-(241~251) PsaA; D 26.7-27.8 3 

GIV Anti-PsaA2 44.5 PsaA: 1-512 PsaA: H 56.7 2 

GIVI Anti-PsaA2 29.1 PsaA: l-(323~342) PsaA: E 35.8-37.9 3 

Givn Anti-PsaA2 12.0 PsaA: I-IOI PsaA: B 11.5 2 

Givm Anti-PsaB450&B718 45.9 PsaB: (202-267)-731 PsaB:D 51.7-58.5 3 

GIK Anti-PsaB450 36.9 PsaB:? PsaB:? 7 5 

GIX Anti-PsaB450 23.4 PsaB:? PsaB:? 7 5 

Chi Anti-PsaB450 43.2 PsaB: 9-506 PsaB: A&H 54.8 1 

CWI Anti-PsaB450&B718 17.3 PsaB: 445-731 PsaB:H 32.1 4 

Pal Anli-PsaA2 40.6 PsaA: 1-(414~433) PsaA: G 45.8-48.1 3 

Pan Anti-PsaA2 30.3 PsaA: I-(280-344) PsaA; DorE 31.1-38.1 3 

Pain Anti-PsaB450&B718 26.2 PsaB: 462-731 PsaB:H 30.1 1 

PalV Anli-PsaA2 22.7 PsaA: l-(223-269) PsaA; D 24.7-29.8 3 

PaV Anti-PsaA2 13.0 PsaA: l-(120-151) PsaA;B 13.6-16.7 3 

PaVI Anti-PsaB718 20.8 PsaB: (477-549)-731 PsaB: Horl 21.1-28.6 3 

PaVn Anti-PsaB718 13.7 PsaB: (595-614)-731 PsaB: J 13.6-15.7 3 

PaVffl Anti-PsaB450 42.6 PsaB:? PsaB:? 7 5 

PalX Anti-PsaB450 36.4 PsaB:? PsaB;? 7 5 

LyI None 53.4 PsaA: ? PsaA; A 7 4 

TrI None 53.6 PsaA: 28-? PsaA: A 7 1 

Trn Anti-PsaB450 39.5 PsaB:? PsaB; ? 7 5 

Trm Anti-PsaB450 16.7 PsaB:? PsaB;? 7 5 

Pel Anti-PsaB450 41.4 PsaB:? PsaB;? 7 5 

Pen Anti-PsaB450 35.9 PsaB:? PsaB:? 7 5 

Peni Anti-PsaB450 14.6 PsaB:? PsaB:? 7 5 

CII Anti-PsaB450&B718 43.8 PsaB: 293-731 PsaB; E 48.8 2 

•: For nomenclature of loops, see Fig. 3-4. 
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Table 3-6. Additional proteolytic fragments upon treatment of mutant PS I complexes with 

proteases 

Proteolytic 
fragments 

Mutant PS I 
complexes 

Immuno
detection 

Apparent 
mass (kDa) 

Predicted 
fragment 

Predicted 
mass (kDa) 

Accessible 
site location* 

ChA Nal anti-PsaA2 15.1 PsaA: 1-(144~190) 15.9-21.2 PsaA: B,C 

ChB Nal, ADC4 anti-PsaB718 15.9 PsaB: (551~571)-731 18.8-20.8 PsaB: I 

ChC AEK2 anti-PsaA2 30.4 PsaA: 1-(277-341) 30.8-37.7 PsaA: D,E 

ChD AEK2 anti-PsaA2 19.8 PsaA: 1-(189~289) 21.1-32.0 PsaA: C,D 

ChE AEK2 anti-PsaA2 17.6 PsaA: 1-(189~289) 21.1-32.0 PsaA: C,D 

ChP AEK2 anti-PsaA2 11.4 PsaA: 1-(100-156) 11.4-17.3 PsaA: B 

CIA Nal. AEK2 anti-PsaA2 49.1 PsaA: 1-(462~571) 51.5-63.1 PsaA: H,I 

CIB Nal anti-PsaB718 15.9 PsaB:(540-562)-731 19.7-22.1 PsaB: 1 

CIC AEK2 anti-PsaA2 24.0 PsaA: 1-312 34.6 PsaA: E 

LyA Nal, ADC4, 
AFK6, AIC9 

anti-PsaB718 15.5 PsaB:(543~549)-731 21.1-21.8 PsaB: I 

LyB Nal, AEK2, 
AFK6, AIC9 

anti-PsaB718 16.8 PsaB: 534-731 22.7 PasB: I 

LyC Nal, ADC4 anti-PsaB7I8 28.2 PsaB:(403~450)-731 31.0-36.8 PsaB: G,H 

ThA Nal, ADC4, 
AEK2 

anti-PsaB718 15.5 PsaB: (532-570)-731 19.0-22.9 PsaB: I 

ThB AEK2 anti-PsaB718 26.0 PsaB: (440--498)-731 26.4-32.6 PsaB: H 

The AEK2 anti-PsaA2 37.4 PsaA: l-(380-429) 42.0-47.5 PsaA: F,G 

ThD AEK2 anti-PsaA2 29.0 PsaA: l-(314-343) 34.8-38.0 PsaA: E 

ThE AEK2 anti-PsaA2 22.8 PsaA: 1-(222-289) 24.6-32.0 PsaA: D 

ThF AEK2 anti-PsaA2 14.3 PsaA: 1-(129~192) 14.4-21.5 PsaA: B,C 

TrA AFK6 anti-PsaA2 40.0 PsaA: 1-(462-519) 51.5-57.4 PsaA:H 

TrB AFK6 anti-PsaB718 22.7 PsaB:(450-468)-73l 29.5-31.6 PsaB: H 

LF Nal, ADC4 anti-PsaB718 40.0-45.0 PsaB: (158-327)-731 45.0-63.4 PsaB; C,D,E 

•: For nomenclature of loops, see Fig. 3-4. 
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CHAPTER 4. OXIDIZING SIDE OF THE CYANOBACTERIAL 

PHOTOSYSTEM I: EVIDENCE FOR INTERACTION BETWEEN THE 

ELECTRON DONOR PROTEINS AND A LUMINAL SURFACE HELDC OF 

THEPSAB SUBUNIT' 

A paper published in the Journal of Biological Chemistry^ 

Jun Sun, Wu Xu, Manuel Hervds, Josd A. Navarro, Miguel A. De La Rosa, Parag R. Chitnis 

Summary 

Photosystem I (PSI) interacts with plastocyanin or cytochrome Cg on the luminal side. To 

identify sites of interactions between plastocyanin/cytochrome and the PSI core, site-directed 

mutations were generated in the luminal J loop of PsaB protein from Synechocystis sp. PCC 

6803. The eight mutant strains differed in their photoautotrophic growth. Western blotting with 

subunit-specific antibodies indicated that the mutations affected the PSI level in the thylakoid 

membranes. PSI proteins could not be detected in the S600R/G601C/N602I, 

N609K/S610C/T61II, or M614I/G615C/W616A mutant membranes. The other mutant strains 

contained different levels of PSI proteins. Among the mutant strains that contained PSI 

proteins, the H595C/L596I, Q627H/L628C/I629S, and N638C/N639S mutants showed 

similar levels of PSI-mediated electron transfer activity when either cytochrome Cj or an 

artificial electron donor was used. In contrast, cytochrome Cg could not function as an electron 

donor to the W622C/A623R mutant, even though the PSI activity mediated by an artificial 

electron donor was detected in this mutant. Thus, the W622C/A623R mutation affected the 

interactions of the PSI complex with cytochrome Cg. Biotin-maleimide modification of the 

mutant PSI complexes indicated that the HS9S, W622, L628, Y632, and N638 residues in the 

wild type PsaB maybe exposed on the surface of PSI complex. The results presented here 

demonstrate the role of an extramembrane loop of a PSI core protein in the interaction with 

soluble electron donor proteins. 

' This work is supported in part by a grant from the US Department of Agriculture-NRICGP (97-35306-4555), 
the European Union (CHRX-CT94-0540 and FMRX-CT98-0218) and the Spanish Ministry of Education and 
Science (PB96-1381). Journal Paper No. J-18II8 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, Iowa, Project No. 3416 and supported by Hatch Act and State of Iowa fiinds. 
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Introduction 

PSl^ is a multisubunit membrane-protein complex that catalyzes electron transfer from the 

reduced plastocyanln in the thylakoid lumen to the oxidized ferredoxin in the chloroplast stroma 

or cyanobacterial cytoplasm (1-4). In cyanobacteria and green algae, cytochrome Cg can 

substitute plastocyanin depending on the growth conditions (5-7). The crystal sUoicture of PSI 

at 4 A resolution is available (8,9). PSI contains 89 chlorophyll a molecules, 83 of which 

constitute the core antenna system. The PsaA and PsaB subunits form the heterodimeric core 

that harbors most of the antenna chlorophyll a molecules, P-carotenes, the primary electron 

donor P700, and a chain of electron acceptors, AQ, A,, and Fx- In addition to the core proteins, 

the cyanobacterial PSI complex contains three peripheral proteins (PsaC, PsaD, and PsaE) and 

six integral membrane proteins (PsaF, Psal, PsaJ, PsaK, PsaL, and PsaM) (1-3). The PsaC, 

PsaD, and PsaE subunits constitute the reducing side of the PSI complex. PsaC binds the 

terminal electron acceptors and Fg, which donate electrons to ferredoxin. PsaD and PsaE 

facilitate the docking of ferredoxin on PSI (1). Functions of the other subunits have been 

studied by using subunit-deficient mutants of cyanobacteria and algae (10-17). 

On the luminal side of thylakoid membranes, PSI accepts electrons from plastocyanin or 

cytochrome Cj. The interaction of plastocyanin with plant and algal PSI complexes shows a fast 

kinetic step, which can be attributed to a multi-step reaction mechanism of electron transfer 

(18,19). Some cyanobacteria have a simpler one-step bimolecular collision mechanism 

(20,21). Cross-linking studies have indicated that plastocyanin can be cross-linked to the N-

terminal lysine-rich region of chloroplast PsaF, which is not found in the cyanobacterial PsaF 

(22). Thus, the interactions between plastocyanin and the plant PSI include initial electrostatic 

interactions between the N-terminal domain of PsaF and the conserved negative patches of 

plastocyanin. However, the PsaF subunit of PSI is not required in the interactions with 

plastocyanin in Synechocystis sp. PCC 6803 (13,14,23) and in Synechococcus elongatus 

(24). The deletion of PsaF in Chlamydomonas reinhardtii did not abolish the electron transfer 

from plastocyanin to P700 (25). Therefore, plastocyanin and cytochrome Cg contact the PsaA 

and PsaB core proteins directly. The luminal extramembrane loops of PsaA and PsaB are likely 

candidates for interaction with plastocyanin during electron transfer. 

^ Reprinted with permission of the Journal of Biological Chemistry, 274, 19048-19054, (1999) 
' The abbreviations used are: PS, photosystem; DM, dodecyl-^D-maltoside; WT, wild type; RWT, recovered 
wild type; PCR, polymerase chain reaction; OD, optical density; NADP, nicotinamide adenine dinucleodde 
phosphate; DAD, 3,6-diaminodurene; MV, methyl viologen; SDS, sodium dodecyl sulfate; PAGE, 
polyacrylamide gel electrophoresis; Tricine, N-[2-hydroxy-l,I-bis(hydroxymethyl)ethyl]glycine. 



86 

In the crystal structure of PSI, the luminal side of PSI is flat with a 10 A protrusion beyond 

the membrane boundary (8,9). There is a 3-nm deep indentation in the center, perhaps caused 

by a partial separation between PsaA and PsaB. In the stmctural modeling, the dimensions of 

plastocyanin matched well inside this cavity (26,27). Near the luminal indentation, two surface 

a-helices / and /' are parallel to the membrane plane and are located near the P700 chlorophyll a 

dimer (8,9). The / and /' helices are analogous to similar surface helices in the purple bacterial 

reaction center (26,28). The I and /' helices are in the J extramembrane loops that are located 

between the transmembrane heUces k and m of the core proteins (see reference (29) for the 

topology of PSI core proteins and nomenclature of loops). We postulate that these helices 

interact with plastocyanin during electron transfer. 

To investigate the role of the J loops in the assembly and function of the PSI complex and 

in the interaction with the electron donors, we generated cysteine-scaiming multipoint 

mutations in conserved amino acids in the J loop of the PsaB protein. A residue was changed 

to a cysteinyl residue in each of the mutations. Such approach has been used to study the 

topographical features of membrane proteins (30,31). The mutations were introduced into a 

/7ja5-deletion strain of Synechocystis sp. PCC 6803. Here we present the biochemical 

characterization of the mutant strains. 

Experimental procedures 

Cyanobacterial cultures, membrane isolation and PSI purification. Strains of Synechocystis 

sp. PCC 6803 were cultured in EG-11 medium with appropriate antibiotics (30 mg/1 

chloramphenicol or 40 mg/1 kanamycin) at 30°C. For autotrophic growth, cells were grown in 

EG-11 medium under medium light intensity of 40 |imol-m"^-s''. For heterotrophic growth, 

cells were grown in BG-11 supplemented with 5 mM of glucose under low light intensity of 5 

jimol-m"^ s '. Cells were harvested at the late exponential growth phase. Previously published 

methods were used for isolation of thylakoid membranes and purification of trimeric PSI 

complexes with DM (32). The chlorophyll a concentration (33) and the carotene concentration 

(34) were estimated according to previously published methods. 

Generation of mutations in the psaB gene. For mutagenesis in the C-terminal region of the 

PsaB protein of Synechocystis sp. PCC 6803, a PSI-less recipient strain (LKC) was generated 

by replacing an 1187-bp 3'-coding region of the psaB gene (the HindOl-EcoRL fragment) with 

a cassette for kanamycin resistance (Fig. 4-1). For this purpose, we constructed a plasmid that 

contained the kanamycin resistance gene cassette and an 843-bp 3'-flanking region downstream 

of the psaB gene. Upstream from the resistance cartridge, the plasmid contained a 2703-bp 

Accl-Hindm fragment that includes most of the psaA gene, the S'-region of the psaB gene. 
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and the untranslated region between the psaA and psaB genes. The plasmid was introduced 

into a PSl-less strain, which has a partial deletion of psaA and psaB genes and is capable of 

heteroUrophic growth under low light intensity (35,36). The resulting kanamycin-resistant 

recipient strain is capable of heterotrophic growth under low light intensity. To introduce the 

WT and mutant psaB gene into the recipient strain, we constructed the p3C+ recombinant 

plasmid. In this plasmid, a 1587-bp Smal-EcoRl fragment of the psaB gene (including the 3'-

coding region of psaB), a chloramphenicol resistance gene, and the 3'-f!anking region were 

cloned into the polylinker of pBluescript II KS (Stratagene, CA) (Fig. 4-1). All PsaB mutants 

were generated by a PCR-mediated mutation technique (37). The mutagenic oligonucleotide 

primers contained a Pstl or Nsil restriction endonuclease recognition site. The mutated 

recombinant plasmids were sequenced completely to ensure the presence of desired changes 

and the absence of errors by Taq DNA polymerase. The DNAs were used to ttansform the 

recipient strain LKC. The p3C+ plasmid with the WT gene was introduced back into the LKC 

strain to yield the recovered wild type (RWT) strain that was used as the positive control in 

these studies. The transformation was performed at 30°C under heterotrophic growth condition 

according to reference (38). The chloramphenicol-resistant transformants were selected, 

segregated for three generations, and replica-plated to confirm the absence of the kanamycin 

resistance gene. 

Characterization of the mutant strains. After segregation, the chloramphenicol-resistant 

transformants were cultured in liquid EG-11 medium and the genomic DNA was isolated. 

Integration of the chloramphenicol resistance gene into the genome of the mutant strains was 

confirmed by PGR amplification of appropriate fragments using genomic DNA. Nucleotide 

sequence of the corresponding PGR fragments was determined to confirm mutations. Gell 

counting showed that number of cells per OD at 730 rmi is the same (5.5x10' cells OD73o"'ml ') 

for both the RWT and LKG cultures. OD^g was measured using an UV-160U 

spectrophotometer (Shimadzu, Tokyo, Japan) and was used as a measure of cell count to 

monitor the growth of the mutant strains and in normalizing other characteristics of the mutant 

strains. Accumulation of PSI proteins was examined by analytical SDS-PAGE and 

immunodetection (29). The antibodies that were used for immunodetection have been described 

previously (32). The P700 content was estimated by the measurement of photoinduced 

absorbance changes at 820 imi (20,39). The mutant PSI complexes were modified by biotin-

maleimide according to a previously published method (32). 

The PSn activity of Synechocystis cells was measured as light-driven oxygen evolution in 

which electrons are transferred from water to p-benzoquinone via the PSn complex. The PSI 
activity was monitored by oxygen uptake with the Mehler reaction (40,41) using the artificial 
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electron carriers DAD and MV (32). In this reaction, ascorbate reduces DAD, which in turn 

donates electrons to P7(X). Light-driven PSI electron transfer reduces MV. The oxidation of the 

reduced MV consumes oxygen. Alternatively, the PSI activity in the membrane can be 

measured by oxygen uptake with 15 jiM cytochrome Cg replacing DAD as the electron donor. 

The PSI activity in the membrane was also determined from NADP* photoreduction assays 

using cytochrome Cj and ferredoxin as the electron donor and acceptor of the PSI complex 

(32). These activities were normalized on equal cell basis. 

Results 

Mutagenesis of the J loop of the PsaB protein. In the crystal structure of the PSI complex, 

a pair of surface helices / and /' are present in the J extramembrane loops. The secondary 

structure prediction using the Gamier algorithm (42) indicated a putative a-helix in the J loop 

of PsaB from M614 to Y632 (Fig. 4-2). This peptide fragment is highly conserved among the 

PsaB proteins from higher plants, algae, and cyanobacteria. This region also shows high 

homology between the PsaA and PsaB proteins. Besides the putative helix, several other amino 

acid residues in the J loop are also conserved among PsaB from different sources and between 

the PsaA and PsaB proteins. We targeted these conserved residues in the mutagenesis 

experiments, and generated eight multipoint mutations in the J loop of the PsaB protein (Fig. 4-

2). 

Characterization of the mutant cells. The PSI-less LKC cells were more blue than the WT 

cells due to the reduced level of chlorophyll while retaining phycobilisomes (36). During 

segregation, the RWT strain as well as the SJl, SJ2, SJ4, SJ6, and SJ8 mutant strains formed 

green colonies, whereas the SJ3, SJ5, and SJ7 mutant strains formed bluish colonies that 

resembled the recipient LKC strain. 

The RWT, LKC, and mutant strains were cultured under photoautotrophic and 

heterotrophic growth conditions and the increase in cell density was measured (Table 4-1). All 

strains grew heterotrophically with similar doubling time, ranging from 27 to 30 hours, 

indicating their similar abilities to utilize externally supplied glucose under low light intensity. 

Therefore, the respiratory system was not affected in the mutant strains. Under 

photoautotrophic growth conditions, cells of the LKC, SJ3, SJ5, SJ7, and SJ8 strains either 

died or did not grow. The RWT and SJ6 cells had the fastest growth, whereas the SJl, SJ2 

and SJ4 cells grew slower than the RWT cells. Therefore, all mutations, except for the amino 

acid replacements in SJ6, affected the autotrophic growth of the mutant strain. These 

differences in the autotrophic growth rates could result from the effects of mutations on the 

photosynthetic activity. 
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The chlorophyll and carotene contents of these strains were measured using the cells that 

had been grown under heterotrophic conditions (Table 4-1). The LKC cells had the lowest 

content whereas the RWT cells contained the highest content of these pigments. Among the 

mutant strains, the bluish SJ3, SJ5, and SJ7 strains had relatively low chlorophyll and carotene 

content whereas the other strains showed higher chlorophyll to cell and carotene to cell ratios. 

Therefore, the color of the mutant cells correlates to their pigment content, which in turn may 

reflect the change of the abundance of the pigment-binding proteins. The strains that were able 

to grow photoautotrophically were green strains containing relatively high pigment content. 

Thus, the mutations might affect the photosystem complexes, which are the major pigment-

binding proteins. 

The impact of mutations on the photosystem activity in the mutant strains was studied by 

oxygen measurement. The PSn and PSI activities in the intact cells were measured by oxygen 

evolution and uptake with the artificial electron carriers, respectively (Table 4-1). The 

photosynthetic activities were normalized on an equal cell basis. The PSII activity of the 10 

strains ranged from 576 to 787 nmol Oj-OD^o ' h"', which were 84% to 114% of the RWT 

level. Therefore, the PSn activity was not affected substantially by the mutations in the PsaB 

protein. As expected, the PSI-less LKC strain contained no PSI activity, whereas the RWT 

cells had an activity of -237 nmol 02 0D73o ' h '. The lack of PSI activity in the SJ3, SJ5, and 

SJ7 mutant strains was consistent with their inability to grow autotrophically. The SJ8 mutant 

strain contained only 8% of the RWT activity, which might not be sufficient for autotrophic 

growth. The SJl, SJ2, SJ4, and SJ6 mutant strains showed different levels of PSI activity 

with various autotrophic growth rates. The changes of PSI activity in the mutant strains may 

result from the effect of the mutations on the assembly and/or function of PSI. To test these 

possibilities, we examined accumulation and fimction of the PSI complexes in the thylakoid 

membranes. 

Accumulation of PSI proteins in the mutant membranes. PsaB is an integral membrane 

protein with eleven transmembrane helices. Mutations in the PsaB protein could disturb protein 

folding and affect the assembly of the PSI complex. We performed Western blotting to estimate 

the steady-state levels of PSI proteins in the membranes. Thylakoid membranes were isolated 

from mutant strains and their proteins were resolved by SDS-PAGE. Immunodetection was 

performed with polyclonal antibodies against PsaA, PsaB, PsaC, PsaF, Psal, PsaK, or PsaL 

(Fig. 4-3). The results were consistent in all seven Western blots. As expected, no PSI protein 

was detected in the LKC membranes whereas the RWT membranes contained PSI proteins. 

PSI proteins were not detected in SJ3, SJ5, and SJ7 membranes, consistent with the lack of 

PSI activity in these cells. Therefore, the SJ3, SJ5, and SJ7 mutations abolished the 
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accumulation of PSI proteins in the membrane. The absence of PSI proteins in the SJ3, SJ5, 

and SJ7 mutants resulted in their inability to grow autotrophically and the blue color of the 

cells. PSI proteins were detected in the SJl, SJ2, SJ4, SJ6, and SJ8 mutants at varying levels 

that were less than the RWT level. Therefore, the mutations in the SJl, SJ2, SJ4, SJ6, and 

SJ8 strains allowed some accumulation of PSI proteins in the membrane. To study the effect of 

mutations on the photosynthetic function of the accumulated PSI complexes, the SJl, SJ2, 

SJ4, SJ6, and SJ8 mutant membranes were subjected for functional analysis. 

Photosynthetic characterization of the mutant membranes. The active P700 reaction centers 

in the intact thylakoid membranes were measured by laser-induced changes in the absorbance at 

820 nm and were normalized on equal cell basis (Table 4-2). The active P700 reaction centers 

in the DM extracts were also measured to investigate the stability of the reaction centers (Table 

4-2). The PSI photosynthetic activity was determined with different sets of electron donors and 

acceptors: DAD-MV, cytochrome c^-MV, and cytochrome Cg-ferredoxin. The DAD-MV PSI 

activity, which was measured by oxygen uptake with excess of the artificial electron donor 

(DAD) and acceptor (MV), excludes the limitation by interprotein recognition and docking on 

both sides of the membrane and therefore indicates the efficiency of electron transfer within the 

PSI complex. When cytochrome Cg replaces DAD as the electron donor of PSI in the oxygen 

uptake measurements, the cytochrome Cg-MV PSI activity reflects both the electron transfer rate 

within the PSI complex and the interaction between cytochrome Cg and the PSI complex. The 

PSI-mediated NADP* photoreduction uses cytochrome Cg and ferredoxin as the electron donor 

and acceptor, respectively. Thus, the cytochrome Cj-ferredoxin PSI activity includes the 

electron transfer activity and the interaction between the PSI complex and the soluble proteins 

on both sides of the membrane. The difference between the DAD-MV PSI activity and the 

cytochrome Cj-MV PSI activity indicates an impact on the interaction between the PSI complex 

and cytochrome Cg. Similarly, the difference between the cytochrome Cg-MV PSI activity and 

the cytochrome Cg-ferredoxin PSI activity indicates the effect on the interaction between the PSI 

complex and ferredoxin. In all mutant membranes, the cytochrome Cg-MV PSI activity and the 

cytochrome Cg-ferredoxin PSI activity were at the similar percentage of the RWT level. Thus, 

the mutations on the luminal loop did not affect the interaction between the PSI complex and 

ferredoxin on the cytoplasmic side. 

The SJl and SJ6 mutations were located in the two ends of the J loop. These two mutants 

contained higher autotrophic growth rates than the other mutants. They both contained active 

P700 and the cytochrome Cg-MV PSI activity at the same level compared to the RWT level. 

However, 41% acdve P700 in the intact membrane of the SJl mutant was lost after EM 

extraction. Therefore, the P700 reaction centers of SJl mutant were labile to detergent 
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extraction, suggesting an impact of the mutation on the packing of helices in the membrane. We 

reported earlier that proteolysis of the extramembrane loops facilitates the access of the small 

artificial electron carriers to the electron transfer centers in the PSI complex, resulting in an 

increa.se of the DAD-MV PSI activity (29). The SJl mutation might change the packing of the 

transmembrane helix k that is adjacent to the P700 reaction center, which may favor the access 

of small DAD molecules to the P700 reaction center. Consistent with this postulate, we 

observed high DAD-MV PSI activity in the SJl mutant. Similarly, the SJ6 mutant also lost 

22% active P700 reaction centers upon DM extraction. With less loss of active P700, the SJ6 

mutant did not show a dramatic increase in the DAD-MV PSI activity as the SJl mutant. The 

SJ6 mutation may have less impact on the packing of transmembrane helices than the SJl 

mutation. In sunmiary, the SJl and SJ6 mutations affected the accumulation of PSI proteins in 

the membrane and the packing of helices around P700, but did not interrupt the interactions 

between the PSI complex and cytochrome Cj. 

The SJ2, SJ4, and SJ8 mutations were located in the middle of the J loop. These mutants 

grew slowly or did not grow under autottophic growth condition. Upon extraction by DM, the 

SJ2, SJ4, and SJ8 extracts maintained a similar level of active P700 reaction centers as in their 

intact membranes. Therefore, the SJ2, SJ4, and SJ8 mutations did not affect the conformation 

around the P700 reaction center. Among them, the SJ4 mutant contained similar levels of active 

P700, DAD-MV PSI activity, and cytochrome Cg-MV PSI activity, which were about a quarter 

of the RWT level. Therefore, the SJ4 mutation decreased greatly the accumulation of PSI 

proteins in the membrane, but did not affect the interactions of the PSI complex with 

cytochrome Cg. In contrast, the SJ2 mutant contained 29% active P700 and 38% DAD-MV PSI 

activity of tiie RWT level, but neither cytochrome Cg-MV nor cytochrome Cg-ferredoxin electron 

transfer activity was detected in the SJ2 mutant membranes. Therefore, SJ2 mutation affected 

the interactions between the PSI complex and cytochrome Cg. It reduced the accumulation of 

PSI complexes, but did not affect the conformation around P700. The slow autotrophic growth 

of SJ2 mutant in the absence of cytochrome Cg-mediated PSI activity may be due to the electron 

transfer from plastocyanin or a third electron donor as indicated in an earlier study (43). Similar 

to the SJ2 mutant, the SJ8 mutant membrane contained no cytochrome Cg-MV PSI activity, 

even though active P700 and the DAD-MV PSI activity were detected in the SJ8 mutant. 

Therefore, the SJ8 mutation greatiy decreased the accumulation of the PSI complexes and 

might have interrupted the interactions of the PSI complex with cytochrome Cg. 

Modification of mutant PSI complexes. The PsaA and PsaB proteins in the WT complexes 

caimot be modified by biotin maleimide (Fig. 4-4), which specifically reacts with the 

sulfhydryl group of cysteinyl residues. Therefore, the cysteinyl residues of the WT PsaA and 
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PsaB proteins are not exposed on the surface of PSI complexes. To study the topology of the J 

loop, we changed one amino acid to a cysteinyl residue in each of the eight mutations. PSI 

complexes from the SJl, SJ2, SJ4, SJ6, SJ8, and RWT strains were purified and treated with 

biotin-maleimide. The biotin-maleimide treated PSI complexes were resolved by Tricine-urea-

SDS-PAGE, probed with peroxidase-conjugated avidin, and then developed with enhanced 

chemiluminescence reagents (Fig. 4-4). The WT PsaAB cannot be modified by biotin-

maleimide. When the WT PSI complexes were incubated with SDS to denature the proteins, 

we could detect modification of the PsaAB proteins by biotin-maleimide. A small amount of 

RWT PsaAB proteins was labeled by biotin-maleimide, which might be due to partial 

unfolding in a small fraction of the PSI complexes during the preparation. The SJl, SJ2, SJ4, 

SJ6 and SJ8 PSI complexes were modified by biotin-maleimide. Therefore, the cysteinyl 

residues introduced in these strains were exposed on the surface, suggesting that the 

corresponding residues in the WT PsaB (H595, W622, L628, Y632, and N638) may be 

exposed on the surface of the PSI complex. 

To study the effect of the biotin-maleimide modification on PSI function, the cytochrome 

Cg-ferredoxin PSI activity was measured after the modification and expressed as percentage of 

the RWT level. The cytochrome Cg-ferredoxin activities of modified PSI complexes from 

mutant strains were reduced substantially from their activity before modification. SJl was 

reduced from 58% to 34%, SJ4 was reduced from 28% to 11%, and SJ6 was reduced from 

56% to 26% of the activity of modified RWT membranes. Therefore, the modification of 

residues in the J loop by biotin-maleimide may interfere with the interactions of the PSI 

complex with the electron donor cytochrome Cg, providing further support for an interaction 

between the exposed surface of the J loop and cytochrome c^. 

Discussion 

The PSI complex accepts electrons from plastocyanin or cytochrome Cg on the limiinal side 

of the thylakoid membrane. Examination of the structures of plastocyanin and cytochrome 

reveals the presence of a flat hydrophobic surface around the redox center in both proteins 

(44,45). These flat hydrophobic surfaces are essential for the electron transfer from 

plastocyanin or cytochrome Cg to PSI (12,46). Correct hydrophobic interactions are expected to 

ensure the accurate orientation of plastocyanin or cytochrome Cg on the PSI complex. 

Therefore, the two surface a-helices I and /' and other amino acid residues in the J loops of the 

core proteins might provide the site for interaction with plastocyanin or cytochrome Cg. We 

tested this hypothesis by generating mutations in the J loop of PsaB. 
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Replacement of conserved residues in the J loop affected levels of PSI proteins in the 

membranes to varying degrees. The decreased accumulation of PSI proteins in the mutant 

membranes could result from several factors. A mutation might disturb the assembly of the 

mutated PsaB protein into the thylakoid membrane or cause a rapid turnover of the mutated 

PsaB protein. The mutation might affect the interaction between PsaB and other PSI subunits 

and result in fast degradation of PSI complexes. Since the deletion of PsaF, PsaL, Psal, and 

PsaJ subunits did not affect the accumulation of PsaA and PsaB proteins (14,16,17,47), the 

decreased accumulation of PSI proteins in the mutant strains is likely due to the decreased 

accumulation of the PsaB protein. The SJ3, SJ5, and SJ7 mutants did not allow accumulation 

of detectable levels of PSI proteins in the membranes. These mutations are located in the region 

between residues S600 and W616. Therefore, this peptide fragment is important for the 

stability of the PsaB protein in the membrane. Biotin-maleimide modification of the SJl, SJ2, 

SJ4, SJ6, and SJ8 PSI complexes indicated that the residues H595, W622, L628, Y632, and 

N638 in WT PsaB might be exposed on the surface of the PSI complex. Mutations of the 

surface-exposed residues had a less destabilizing effect on the PsaB protein than the changes in 

the buried residues. For this reason, we propose that the / helix is exposed on the surface of the 

J loop whereas the peptide fragment S600-W616 may fold underneath the helix. 

Upon extraction by DM, the SJl and SJ6 mutants lost some active P700 reaction centers, 

suggesting an impact of mutations on the packing of transmembrane helices around P700. 

Other mutants maintained theur active P700 after detergent extraction. The SJl and SJ6 

mutations are located in the ends of J loop and close to the ends of the k and m transmembrane 

helices. Therefore, the amino acid residues at the junction of the transmembrane helix and 

extramembrane loop might be important for the packing of transmembrane helices. 

The SJ2, SJ4, and SJ8 mutations were predicted to be located in the I helix. When we 

viewed the I helix as a wheel diagram, the residues W622, L628, and Y632 were aligned on 

one side of the helical wheel that is largely hydrophobic. These residues were determined 

exposed to solvent in the WT PSI complex (Fig. 4-4). This hydrophobic side of I helix, 

containing residues W622, L628, and Y632, may provide a surface for the hydrophobic 

interaction with plastocyanin/cytochrome c^. The SJ2 and SJ8 membranes contained no 

cytochrome Cg-MV and cytochrome Cg-ferredoxin PSI activity, but maintained DAD-MV PSI 

activity. Therefore, the SJ2 and SJ8 mutations maintained electron transfer activity but failed in 

interacting with cytochrome Cg. The SJ2 and SJ8 mutants maintained their active P700 reaction 

centers upon the detergent extraction, indicating no impact on the conformation around P700 

by the mutations. Therefore, the observed interruption of PSI interaction with cytochrome Cg in 

the SJ2 and SJ8 mutants is likely due to the amino acid replacement. In each of these two 
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mutants, a large aromatic residue was replaced with the smaller cysteinyl residue. In contrast, 

the SJ4 membrane maintained similar levels of PSI proteins, active P700, and PSI activities 

and did not interrupt the interactions between the PSI complex and cytochrome Cg. In the SJ4 

mutation, a ieucinyl residue was changed to a cysteinyl residue. However, when the SJ4 PSI 

complexes were modified by biotin-maleimide with dramatic structural change, the PSI NADP* 

photoreduction activity was reduced substantially. The physical stiiicture of the hydrophobic 

side of the / helix is important for the interactions of the PSI complex witii cytochrome Cg. 

Therefore, our results show that the hydrophobic side of the / helix of the PsaB protein that 

contains residuesW622, L628, and Y632 provides the site of interaction with cytochrome Cj. 
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Figure legends 

FIG. 4-1. Generation of PsaB mutants. The restriction map of Synechocystis sp. PCC 

6803 genomic region around the psaA and psaB genes is shown on the top line. Arrows show 

the location, size and direction of complete or partial psaA and psaB genes. The small black 

boxes indicate the coding region for the extramembrane J loop (EL-J) of PsaB. The kanamycin 

resistance gene (Kan-r) and chloramphenicol resistance gene (Cam-r) are shown as the long 

boxes. The bold lines in the construction of the p3C+ plasmid represent the pBluescript n KS 

vector. 

FIG. 4-2. Mutagenesis of the J loop of the PsaB protein. A. Folding model for 

the extramembrane J loop of PsaB. Amino acids are indicated and numbered for the PsaB 

protein of Synechocystis sp. PCC 6803. The surface helix is represented as a box with the 

predicted sequence aligned inside. Positions and identities of the mutations are indicated. B. 
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Comparison of primary sequences of J loop of PsaB and PsaA from different sources. The 

completely conserved residues among species are shaded. Dots indicate the residues that are 

conserved between PsaA and PsaB. 

FIG. 4-3. Accumulation of the PSI proteins in the mutant strains. Membranes 

were analyzed by Tricine/urea/SDS-PAGE and Western blotting with subunit-specific 

antibodies. The inununodetection was visualized by enhanced chemiluminescence. 

FIG. 4-4. Modification of the mutant PSI complexes. Purified PSI complexes 

containing 5 ^g chlorophyll were treated with biotin-maleimide and analyzed by 

Tricine/urea/SDS-PAGE. The blot was probed with peroxidase-conjugated avidin and 

visualized by enhanced chemiluminescence reagents. 
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Table 4-1. Characterization of the mutant cells 

Strains 
Doubling time 

(h) 
Pigment content 
(ng-OD„„-'-ml-') 

Photosynthetic activity 
(nmol 0,.0D„n '-h'') 

heterotrophic autotrophic* chlorophyll carotene PSII PSI 

LKC 30 - 0.73 0.32 576 0 

RWT 27 54 1.29 0.83 688 -237 

SJl 27 70 1.19 0.79 685 -260 

SJ2 27 81 0.99 0.63 743 -89 

SJ3 28 - 0.85 0.45 668 -4 

SJ4 27 172 1.02 0.72 787 -62 

SJ5 28 - 0.75 0.39 692 0 

SJ6 27 54 1.04 0.70 686 -124 

SJ7 28 - 0.88 0.44 727 -5 

SJ8 28 - 0.89 0.55 730 -19 

*: ' indicates that the strains died or did not grow. 
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Table 4-2. Characterization of the mutant photosynthetic membranes 

The results were normalized on equal cell basis and expressed as percentage of the RWT 

level that is shown in parentheses. The level of P700 in DM extract was expressed as 

percentage of the RWT level in membrane. 

Level of active P700 PSI photosynthetic activity (nmol-OD„n '-h ') 
Strains membrane DM extract DAD 

toMV 
cytochrome Cg 

toMV 
cytochrome 
to ferredoxin 

RWT 100 

(6.91 xlO'' 
P700/cell) 

95 100 
(-237) 

100 
(-326) 

100 
(49) 

SJl 44 26 110 44 58 

SJ2 29 29 38 0 0 

SJ4 23 26 26 23 28 

SJ6 45 35 52 44 56 

SJ8 10 8 8 0 0 
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CHAPTER 5. OXIDIZING SIDE OF THE CYANOBACTERIAL 

PHOTOSYSTEM I: MUTATIONAL ANALYSIS OF THE LUMINAL H 

LOOP OF THE PS AB SUBUNIT' 

A paper submitted to the Plant Physiology 

Jun Sun, Manuel Hervds, Jos6 A. Navarro, Miguel A. De la Rosa, and Parag R. Chitnis 

Abstract 

Photosystem I (PSI) core proteins are expected to interact with the electron donor proteins 

plastocyanin or cytochrome Cj. To investigate the role of the luminal H loop of PsaB in the 

assembly and function of the PSI complex, we generated fifteen deletion and repetition 

mutations in the H loop of the PsaB protein from Synechocystis sp. PCC 6803. The mutant 

strains differed in their photoautotrophic growth. The PSI proteins could not be detected in the 

membranes of mutants in which the N438-E448, I453-T464, or S500-G512 region was 

deleted from the PsaB protein, indicating the essential role of these segments in proper folding 

of the PsaB protein. Mutants with partial or complete deletion of the L469-D496 segment could 

accumulate the PSI proteins. These results indicate that the regions close to the transmembrane 

helices are more important for the assembly of PsaB than the middle region of the H loop. The 

L469-D496 segment in the H loop of PsaB is dispensable in the interaction between the PSI 

complex and the soluble donor proteins. These results suggested that sections of the H loop of 

PsaB are crucial for the structural integrity of the PsaB protein. 

Introduction 

PSI^ is a multisubunit membrane-protein complex that catalyzes the light-driven electron 

transfer from plastocyanin in the thylakoid lumen to ferredoxin in the chloroplast stroma or 

cyanobacterial cytoplasm (Golbeck, 1994; Chitnis et al., 1995; Chitnis, 1996; Fromme, 1996). 

' This work is supported in part by grants from the US Department of Agriculture-NRICGP (97-35306-4555), 
the European Union (FMRX-Cr98-0218) and the Spanish Ministry of Education and Culture (DGES, PB96-
1381). Journal Paper No. J-18378 of the Iowa Agriculture and Home Economics Experiment Station, Ames, 
Iowa, Project No. 3416 and supported by Hatch Act and State of Iowa funds. 
^ Abbreviations; DM, dodecyl-^D-maltoside; DAD, 3,6-diaminodurene; MV, methyl viologen; WT, wild type; 
RWT, recovered wild type. 
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Cyanobacteria and green algae contain cytochrome Cg as an alternative electron carrier protein 

depending on the relative availability of copper and iron in the culture medium (Wood, 1978; 

Kerfeld and Krogmann, 1998). The crystal structure of PSI at 4 A resolution has shown that a 

monomeric PSI complex from cyanobacteria contains 89 chlorophyll a molecules, 83 of which 

constitute the core antenna system (KrauB et al., 1996; Schubert et al., 1997). The PsaA and 

PsaB subunits form the heterodimeric core that harbors the primary electron donor P700. In 

addition to the core proteins, the cyanobacterial PSI complex contains three peripheral proteins 

(PsaC, PsaD, and PsaE) and six integral membrane proteins (PsaF, Psal, PsaJ, PsaK, PsaL, 

and PsaM) (Chitnis et al., 1995; Chitnis, 1996; Fronune, 1996). The PsaC, PsaD, and PsaE 

subunits form the reducing side of PSI. PsaC binds the terminal electron acceptors and F^, 

which donate electrons to ferredoxin. PsaD and PsaE facilitate docking of ferredoxin on PSI 

(Chimis, 1996). Functions of the other subunits have been deciphered from the subunit-

deficient mutants of cyanobacteria and algae (Chitnis et al., 1995; Chimis, 1996). 

On the luminal side of thylakoid membranes, plastocyanin or cytochrome donates 

electrons to PSI. Plastocyanin interacts with the plant and algal PSI complexes showing a 

complex electron transfer kinetics, which can be attributed to a multi-step reaction mechanism 

of electron transfer (Haehnel et al., 1980; Bottin and Mathis, 1985). Some cyanobacteria 

including Synechocystis sp. PCC 6803 have a simpler one-step bimolecular collision 

mechanism (Hervds et al., 1995; Hervds et al., 1996). The negative region of plastocyanin can 

be cross-linked to the N-terminal lysine-rich region of chloroplast PsaF, which is not found in 

the cyanobacterial PsaF (Hippler et al., 1996). Therefore, plastocyanin interacts the plant PSI 

through initial electrostatic interactions between the N-terminal domain of PsaF and the 

conserved negative patches of plastocyanin. However, the cyanobacterial PsaF is not required 

in the interaction of PSI with plastocyanin or cytochrome Cg (Chitnis et al., 1991; Xu et al., 

1994a; Xu et al., 1994b; Hatanaka et al., 1993). The deletion of PsaF in Chlamydomoms 

reinhardtii did not abolish the electron transfer from plastocyanin to PSI (Farah et al., 1995). 

Therefore, plastocyanin and cytochrome Cg must be able to contact the PsaA and PsaB core 

proteins directly. The luminal extramembrane loops of PsaA and PsaB are the most logical 

candidates for interaction with plastocyanin and cytochrome Cg. 

The H loops are the large, luminal, extramembrane loops located between the i and j 

transmembrane helices of the core proteins (see reference (Sun et al., 1997) for the topology of 

PSI core proteins and nomenclature of loops). From the crystal stmcture of PSI, the i and j 

transmembrane helices appear to contribute to the central cage (KrauB et al., 1996; Schubert et 

al., 1997). Therefore, the H loops should be located close to the center of PSI. The H loop of 

PsaB was extensively accessible to protease implying that this loop could interact with 
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plastocyanin or cytochrome Cg (Sun et al., 1997). To investigate the role of the H loop in the 

assembly and function of PSI complex and in the interaction with the electron donors, we 

generated deletion and repetition mutations in the H loop of the PsaB protein. The mutations 

were introduced into a pjaB-deletion strain of Synechocystis sp. PCC 6803. Here we present 

the biochemical characterization of the mutant strains and their PSI complexes. 

Materials and methods 

Cyanobacterial cultures, membrane isolation, and PSI purification. The Synechocystis sp. 

PCC 6803 strains were cultured in BG-11 medium at 30®C with appropriate antibiotics (40 

mg/1 kanamycin or 30 mg/1 chloramphenicol). For autotrophic growth, cells were grown in 

BG-11 medium under medium light intensity (40 |imol-m'^ s '). For heterotrophic growth, cells 

were grown in BG-11 supplemented with 5 mM of glucose under low (5 ^imol-m'^-s"') or 

medium light intensity. Cells were harvested at the late exponential growth phase. Previously 

published methods were used for isolation of thylakoid membranes and purification of trimeric 

PSI complexes with DM (Sun et al., 1998). Chlorophyll a (Amon, 1949) and carotene 

concentrations (Furr et al., 1992) were estimated according to the previously published 

methods. 

Generation of deletion and repetition mutations in the psaB gene. The mutagenesis in the C-

terminal region of the PsaB protein of Synechocystis sp. PCC 6803 involved a PSI-less LKC 

recipient strain and the p3C+ recombinant plasmid as described before (Sun et al., 1999). All 

PsaB mutants were generated by a PCR-mediated mutation technique (Higuchi, 1989). For 

deletion mutations, the upstream and downstream coding regions were amplified by PCR with 

mutagenic primers containing Pstl restriction endonuclease recognition site. The PCR 

fragments were ligated into the digested p3C+ plasmid. For repetition mutations, overlapping 

PCR fragments were amplified. The mutated recombinant plasmids were sequenced completely 

to ensure the presence of desired changes and the absence of errors by Tag DNA polymerase. 

The recombinant plasmids were used to transform the recipient strain LKC according to 

reference (Williams, 1988). The chloramphenicol-resistant transformants were selected at 30°C 

under heterotrophic growth condition, segregated for three generations, and replica-plated to 

confirm the absence of kanamycin-resistance gene. 

Characterization of the mutant strains. The chloramphenicol-resistant transformants were 

cultured in liquid BG-11 medium after segregation. The genomic DNA was isolated from the 

mutant strains. PCR amplification of appropriate fragments was used to confirm the mutations 

and the integration of chloramphenicol resistance gene in genome of the mutant strains. 

Nucleotide sequence of the corresponding PCR fragments was determined to confirm 
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mutations. DNA and protein sequence analysis was performed with GeneWorks software 

(InteliiGenetics, CA). Same number of the RWT and LKC cells yielded same A730 (5.5 x 10^ 

cells-A„o '-ml ') using an UV-160U spectrophotometer (Shimadzu, Tokyo, Japan). A730 was 

used as a measure of cell count to monitor the growth of the mutant strains. Accumulation of 

PSI proteins was examined by analytical SDS-PAGE and immunodetection (Sun et al., 1997). 

The antibodies that were used for immunodetection have been described previously (Sun et al., 

1998). The P700 content was estimated by the measurement of photoinduced absorbance 

change at 820 nm (Mathis and Setif, 1981). 

The PSI activity was monitored by following the oxygen uptake, according to the Mehler 

reaction (Mehler, 1951a; Mehler, 1951b), using the artificial electron carriers DAD and MV 

(Sun et al., 1998). Altematively, the PSI activity in the membrane can be measured by 

following oxygen uptake with 15 jiM cytochrome Cg replacing DAD as the electron donor. The 

PSI activity in the membrane was also determined from NADF" photoreduction assays using 

cytochrome Cg and ferredoxin as the electron donor and acceptor of the PSI complex (Sun et 

al., 1998). These activities were normalized on equal cell basis. 

For laser flash spectroscopy analysis, plastocyanin from Synechocystis sp. PCC 6803 was 

purified as described previously (De la Cerda et al., 1997). Kinetics of flash induced 

absorbance changes in PSI was followed at 820 nm and the experimental set-up, data collection 

and kinetic analyses were reported previously (Hervas et al., 1995). For experiments at 

varying ionic strength, the magnesium salt was omitted and the ionic strength was adjusted at 

the desired value by adding NaCl. 

Results 

Mutagenesis of the H loop of the PsaB protein. The H loop of PsaB contains 76 amino acid 

residues. The secondary structure prediction using Gamier algorithm (Gamier et al., 1978) 

indicated no major a-helix or p-sheet structure. In the crystal structure, this loop might be 

packed loosely and was not resolved (KrauQ et al., 1996; Schubert et al., 1997). Since the H 

loop of PsaB protein is large and without clear structural information, we opted to generate 12 

deletion and 3 repetition mutations in the H loop of PsaB protein (Fig. 5-1). The p3C+ plasmid 

with WT gene was mtroduced back into the LKC strain to yield the RWT strain that was used 

as a positive control in these studies. 

After we obtained the transformants, genomic DNA was isolated firom liquid culture of the 

mutant strains. The integration of chloramphenicol resistance gene in genome of the mutant 

strains was confirmed by PGR analysis (data not shown). Mutations were confirmed by PGR 

amplification with the primers GGCGAATAAAGATAACGT and GATGAGGTAGGTGGAG 
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TTTTCG. A DNA fragment of 645 bp was amplified when the WT genomic DNA was used 

for PGR amplification (Fig. 5-2). As expected, single PGR fragments larger than 645 bp were 

amplified from the repetition mutant genomic DNA and single PGR fragments smaller than 645 

bp were amplified from the deletion mutant genomic DNA. The fragment sizes corresponded to 

the changes of residue number. These PGR fragments were sequenced and the DNA sequences 

matched the desired mutations. Therefore, the mutant strains contained the desired mutations. 

Characterization of the mutant cells. The PSI-less LKG cells were more blue than the WT 

cells due to the reduced level of chlorophyll while retaining phycobilisomes (Shen et al., 

1993). During segregation, the RWT strain as well as the ch, ci, df, dh, and di mutant strains 

formed green colonies, whereas the af, ag, ah, ai, aj, bg, cj, dg, dj, and ej mutant strains 

formed bluish colonies that resembled the recipient LKG strain. 

When the RWT, LKG, and mutant strains were cultured with glucose under low light 

intensity, all strains could grow with similar doubling time, ranging from 27 to 30 hours (Table 

5-1). The mutant strains could utilize the externally supplied glucose under low light intensity, 

indicating a normal respiratory system in the mutant strains. When the strains were cultured 

with exogenous glucose under medium light intensity, the LKG recipient strain could not 

grow. The inability of the PSI-less strains to grow at medium light intensity has been attributed 

to the reductants produced by the PSII complex (Smart et al., 1991). Excess reducing power 

could be toxic to the cells. Similar to LKG, the af, ag, ah, ai, aj, and bg mutant strains did not 

grow under medium light intensity. In conUrast, the RWT, ch, ci, cj, df, dg, dh, di, dj, and ej 

mutant strains could grow with glucose under medium light intensity, but showed different 

growth rates (Table 5-1). This indicated that the mutant cells differed in their ability to tolerate 

the excess reductants produced by PSn when the PSI activity was relatively insufficient to use 

the electron throughput from PSII. The RWT, ch, ci, df, dh, and di mutant strains could grow 

under photoautotrophic growth condition (Table 5-1). The RWT and ch cells had the fastest 

growth, the ci, di, and dh ceils grew slower than RWT, whereas the df cells had the longest 

doubling time. Therefore, these mutations affected the ability of the mutant strain to grow 

autotrophically, indicating their effect on the PS-mediated electron transfer. 

The chlorophyll and carotene contents of the mutant strains were measured using the cells 

that had been grown under heterotrophic conditions (Table 5-1). The LKG cells had the lowest 

contents whereas the RWT cells contained the highest levels of these pigments. Among the 

mutant strains, the bluish strains had relatively low pigment content whereas the green strains 

showed higher pigment content, especially the carotene content. The pigment content of the 

mutant cells may reflect the change of the abundance of the pigment-binding proteins. The PSI 

complexes are the major proteins binding these pigments, thus, the mutations might affect the 
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abundance of the PSI complexes in the membrane. To test the effect of mutations on the 

assembly of PSI, we examined accumulation of PSI complexes in the thylakoid membranes. 

Accumulation of PSI proteins in the mutant membranes. We performed Western blotting to 

estimate the level of PSI proteins in the membranes. Thylakoid membranes were isolated from 

mutant strains and the proteins were resolved by SDS-PAGE. Immunodetection was 

performed with polyclonal antibodies against PsaA, PsaC, PsaF, Psal, PsaK, or PsaL (Fig. 5-

3). The results were consistent in all six Western blots. As expected, the PSI proteins could not 

be detected in the LKC membranes whereas the RWT membranes contained all PSI proteins. 

The PSI proteins were not detected in the af, ag, ah, ai, aj, bg, cj, dg, dj, and ej membranes, 

consistent with the bluish color of the mutant cells. The lowest limit for the immunodetections 

was 2% of the RWT level (data not shown). Therefore, the af, ag, ah, ai, aj, bg, cj, dg, dj, and 

ej mutations greatly reduced or abolished accumulation of the PSI proteins in the membranes. 

The absence of PSI proteins in these mutants resulted in their inability of autotrophic growth. 

However, the cj, dg, dj, and ej mutant strains could grow with glucose under medium light 

intensity, whereas the af, ag, ah, ai, aj, and bg mutants did not grow under this condition. 

Excess reductant produced by PSn has been considered the cause of light sensitivity of the 

PSI-less mutants (Smart et al., 1991). Trace amount (<2% of RWT level) of PSI complex in 

the cj, dg, dj, and ej mutant strains might contribute to their ability to tolerate the excess 

reductants. The PSI proteins were detected in the ch, ci, df, dh, and di mutants. However, 

their levels were less than in the RWT strain. Therefore, the mutations in the ch, ci, df, dh, and 

di strains allowed some accumulation of PSI proteins in the membranes. To study the effects of 

mutations on the photosynthetic function of the accumulated PSI complexes, the ch, ci, df, dh, 

and di mutant membranes were used to assay PSI activity. 

Photosynthetic electron tranter by the mutant membranes. PSI activity was determined 

with different sets of electron donors and acceptors: DAD-MV, cytochrome Cg-MV, and 

cytochrome Cg-ferredoxin (Sun et al., 1999). The DAD-MV PSI activity excludes the limitation 

by interprotein recognition and docldng on both sides of the membrane and therefore indicates 

the efficiency of electron transfer within the PSI complex. The cytochrome Cg-MV PSI activity 

reflects both the electron transfer rate within the PSI complex and the interaction between 

cytochrome Cg and the PSI complex. The cytochrome Cg-ferredoxin PSI activiQr includes the 

electron transfer activity and the interaction between the PSI complex and the soluble proteins 

on both sides of the membrane. The PSI activities in the mutant membranes were less than in 

the RWT membranes, reflecting the lower accumulation of PSI complexes. When the PSI 

activities were expressed as percentage of the RWT level, all three PSI activities were at the 

similar percentage level in each mutant, indicating that the mutant PSI complexes were equally 
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efficient in accepting electron from artificial or natural electron transfer partners (Table 5-2). 

Thus, these mutations did not affect the PSI-cytochrome Cg and PSI-ferredoxin interactions. 

Photoreduction ofP700* in the mutant PSI complexes by plastocyanin. The PSI complexes 

were purified from the RWT, ch, ci, di, and dh strains cultured under autotrophic condition 

(the slow autotrophic growth of df strain did not allow effective purification of PSI 

complexes). The purified PSI complexes were subjected to plastocyanin photoreduction 

experiments by laser flash spectroscopy to study the interaction between the PSI complex and 

plastocyanin. The chlorophyll to P700 molar ratios for the mutant PSI complexes were similar 

as for the RWT PSI (Table 5-3). With all mutant PSI complexes, the kinetics of plastocyanin 

oxidation was monophasic, and the observed pseudo-first order rate constant (fc^^,) yielded 

linear dependence on donor protein concentration. This finding suggested that the mutant PSI 

complexes interact with plastocyanin according to the oriented collisional reaction mechanism, 

as is the case with the RWT PSI (Hervds et al., 1995; Hippler et al., 1996). 

The second-order rate constant of P700* reduction by plastocyanin can be calculated 

from the linear dependence of on protein concentration. All the mutant PSI complexes 

reacted with plastocyanin in a similar extension as the RWT PSI, with a second-order rate 

constant that was of the same order of magnitude as that of the RWT PSI (Table 5-3). 

Therefore, the ch, ci, dh, and di mutations in the H loop did not affect significandy the 

reactivity of PSI with plastocyanin. Similar reactivity was observed when cytochrome Cg was 

used as the electron donor protein in the kinetic analysis (data not shown). It has been 

previously shown that the interaction of the WT PSI with cytochrome Cj and plastocyanin is 

electrostatically repulsive in nature (Hervds et al., 1994). Therefore, the rate of PSI reduction 

increases with increasing ionic strength. The mutant PSI complexes showed a similar ionic 

strength dependence, from which the bimolecular rate constants extrapolated at infinite ionic 

strength (jfej J were estimated (Table 5-3). The bimolecular rate constants for the mutants were 

similar to the wild type value. Thus, the ch, ci, dh, and di mutations in the H loop of PsaB did 

not affect the interaction between PSI and the donor proteins. 

Discussion 

Electrons are transferred firom plastocyanin or cytochrome Cg to PSI on the luminal side of 

thylakoid membranes. To understand the electron transfer between PSI and the donor proteins, 

it is necessary to identify the elements involved in the molecular recognition. The structures of 

plastocyanin and cytochrome are available (Frazao et al., 1995; Navarro et al., 1997). A flat 

hydrophobic surface is present around the redox centers of both proteins and is essential for the 

electron transfer firom plastocyanin or cytochrome Cg to PSI (Haehnel et al., 1994; Sigfiidsson 
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et al., 1996). Correct hydrophobic interactions are expected to ensure accurate orientation of 

plastocyanin or cytochrome Cg on PSI complex. Previously, we showed that the surface a-

helix / in the J loop of the PsaB protein might provide the site for hydrophobic interaction with 

plastocyanin or cytochrome Cg (Sun et al., 1999). Here, we examined the role of the H loop in 

the assembly and function of the PSI complex by mutagenesis analysis. 

The deleuon and repetition mutations in the H loop affected the accumulation of PSI 

proteins in the membranes. This might result from a decreased rate of assembly of the mutated 

PsaB proteins into membrane or from an increased turnover of the mutated PsaB proteins. The 

N438-E448 region was deleted in the af, ag, ah, ai, and aj mutations, the I453-T464 segment 

was deleted in the ag, ah, ai, aj, and bg mutations, and the S500-G512 segment was deleted in 

the cj, dj, andej mutations. The PSI proteins could not be detected in the membranes of these 

mutants. The ch, ci, and di mutants contained these protein segments and accumulated the PSI 

complexes. Therefore, the N438-E448, I453-T464, and S500-G512 regions are essential for 

the normal accumulation of the PSI complex. The ch, ci, and di mutants contained a partial or 

complete deletion of the L469-D496 region and could accumulate PSI proteins. Therefore, the 

L469-D496 region is not essential for maintaining a stable folding of PsaB and the normal level 

of PSI. When the H loop sequences of the PsaB protein from different sources were aligned, 

the N438-E448, I453-T464, and S500-G512 sequences are found to be highly conserved 

whereas the L469-D496 segment contains a major difference in a 12-residue sequence between 

higher plants and cyanobacteria. The N438-E448, I453-T464, and S500-G512 segments are 

located close to the transmembrane helices. They may play important roles in maintaining the 

structure of the H loop and/or packing of the adjacent transmembrane helices. Deletion of these 

fragments may affect the integration of PsaB protein into membrane and diminish the assembly 

of other PSI proteins. The L469-D496 segment is located in the central region of the H loop. 

The ch, ci, and di deletion mutants, which lack L469-D496 segment, contain PSI proteins. 

Therefore, this segment may not play a structural role in the assembly of PsaB protein and 

other PSI proteins. Repetition mutants also suggested that the structural role of the H loop in 

the assembly of the PSI complex. It is interesting that an additional 7-residue peptide and an 

additional 39-residue peptide did not abolish the accumulation of PSI protein, but an additional 

23-residue peptide reduced the PSI proteins to an undetectable level. It seems that the proper 

folding of additional peptide fragment is necessary to maintain stiiictural integrity of the H 

loop. 

The deletion of the L469-D496 segment did not affect the interaction between the PSI 

complex and plastocyanin/cytochrome c^. Thus, the IA69-D496 segment is not essential for the 

interaction between the PSI complex and plastocyanin/cytochrome Cg during the electron 
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transfer. The repetition mutants did not interrupt the interaction of the PSI complex with the 

soluble protein donors. It seems that the middle region of the H loop of PsaB is not essential 

for the electron transfer function of the PSI complex. However, we could not exclude the 

possibility that the N438-E448, I453-T464, and S500-G512 regions of PsaB, required for 

stable assembly of PsaB, are also important for the interaction of PSI with the donor proteins. 

It is also possible that the H loop of PsaA plays an important role in the interaction between 

PSI and the donor proteins. 

The H loop of PsaB was extensively accessible to proteases, suggesting that this loop 

should be exposed to the solvent (Sun et al., 1997). However, the L469-D496 segment in the 

middle of H loop is not essential for the interaction between the PSI complex and 

plastocyanin/cytochrome Cg during the electron transfer. In contrast, the surface a-helix I in the 

J loop of PsaB has been shown to provide the site for hydrophobic interaction with 

plastocyanin or cytochrome Cg (Sun et al., 1999). Thus, the J loop should be exposed to the 

solvent. In the topographical studies, the J loop of PsaB was not accessible to proteases (Sun 

et al., 1997). Electron microscopic and crystallographic analyses have revealed the presence of 

a cavity on the luminal side of PSI (KrauB et al., 1996; Schubert et al., 1997). Plastocyanin 

and cytochrome Cg are much smaller in size than trypsin or Glu-C proteases. It is likely that the 

J loop is located in a cavity in which the proteases could not access, but the donor proteins are 

able to enter and interact with the J loop. Since the H loop of PsaB is exposed to solvent, we 

propose that the H loop might fold on the surface and form an entrance to the cavity, inside 

which the J loop folds close to the membrane and provides the interaction site for the donor 

proteins. 
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Figure legends 

FIG. 5-1. Mutagenesis of the H loop of the PsaB protein. The amino acid 

sequence of the H loop (N438-D513) of Synechocystis sp. PCC 6803 PsaB protein is shown 

in the top. The deletion and repetition mutations are indicated by lines corresponding to the 

amino acid sequence of WT protein. The length of deletion or repetition is shown after the lines 

and the number of charged residues in the mutant H loop is shown in parentheses. 

FIG. 5-2. ConHrmation of the mutations by PCR analysis. The genomic DNA 

isolated from the mutant strains was used for PCR amplification to confirm the mutations. The 
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length of deletion or repetition is shown for the mutants. M: pGEM DNA Markers (Promega, 

WI). 

FIG. S-3. Accumulation of the PSI proteins in the mutant strains. Membranes 

containing 5 |ig of chlorophyll were analyzed by Tricine/urea/SDS-PAGE and Western blotting 

with subunit-specific antibodies. The immunodetection was visualized by enhanced 

chemiluminescence. 
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Table 5-1. Characterization of the mutant strains 

Doubling time (h) Pigment contents 
Strains with glucose with glucose without glucose 

low light medium light* medium light* chlorophyll carotene 

LKC 30 - - 0.72 0.32 

RWT 27 13 54 1.44 0.97 

af 29 - - 0.73 0.35 

ag 30 - - 0.76 0.41 

ah 30 - - 0.74 0.39 

ai 30 - - 0.82 0.42 

aj 29 - - 0.85 0.44 

bg 28 - - 0.84 0.45 

ch 28 13 52 1.22 1.04 

ci 27 15 62 1.34 1.10 

cj 28 20 - 0.75 0.38 

di 27 14 59 1.32 0.99 

dj 27 23 - 0.88 0.53 

ej 27 31 - 0.86 0.45 

df 28 17 107 1.22 0.85 

dg 29 33 - 1.10 0.49 

dh 29 16 62 1.30 0.86 

*; ' indicates that the strains died or did not grow. 
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Table 5-2. Characterization of the mutant photosynthetic membranes 

The results were normalized on equal cell basis and expressed as percentage of RWT level 

that is shown in parentheses. Level of P7(X) in DM extract was expressed as percentage of 

RWT level in membrane. 

PSI photosynthetic activity (nmol-A„n"'-h') 

Strains DAD 
toMV 

cytochrome Cg 
toMV 

cytochrome Cg 
to ferredoxin 

RWT 100 100 100 
(-448) (-279) (49) 

ch 50 57 56 

ci 59 61 48 

di 92 89 87 

df 45 53 46 

dh 60 62 68 



119 

Table 5-3. Characterization of the mutant PSI complexes 

ITie chlorophyll to P700 molar ratio and bimolecular rate constants for the mutant PSI 

complexes reduction by plastocyanin. 

PSI 
complex 

Chlorophyll to P700 
molar ratio 

^bim , , 
(X 10® M-'s') 

^nf , , 
(X 10-® M's') 

RWT 131 8.6 9.70 

ch 123 6.7 7.23 

ci 146 6.8 8.31 

di 104 7.3 9.49 

dh 131 7 . 1  7.40 



Helix-VII H loop Helix-VIII 
YVtiiBWVAFr.TPFKQTLTEPVFAOWIQATSGKAIYGFDVLLSNPD«;iASTTGAAWLPGWLDAINSGTNSLFLTIGPGaFLV 

438 513 

RWT — 0  ( 7 - / 2 + )  
a f  — D11  (5 - / 2+ )  
a g —  D 2 7 ( 4 - / 1 + )  
a h —  — —  D 4 3 ( 2 - / 0 + )  
a i  — —— D59 (1 - / 0+ )  
a j —  —  D 7 5 ( 1 - / 0 + )  
bg  —— D12 (6- /2+ )  
ch  ————— D12(5 - /2+ )  
c i  —  D28  (4 - / 2+ )  
c  j  D44  (4 - / 2+ )  
d i  — D 1 1  ( 6 - / 2 + )  
d  j  —— D27 (6 - /2+ )  
e j  — —  D 1 3  ( 7 - / 2 + )  

df — R39 (10-/4+) 
dg •=̂ = R23(9-/3+) 
dh R7 (7-/2+) 

Fig. 5-1 



H 
H ^ 

M df dg dh ̂  af di bg ch ej ag d dj ah cj ai aj M 

Repetition 645 Deletion 
39 23 7 bp 11 11 12 12 12 27 28 27 43 44 59 75 residues 

1198 bp 

676 bp 
517 bp 
460 bp 
396 bp 
350 bp 

Fig. 5-2 
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Mutant Strains 

Antibody ^ % 
Against J af ag ah ai aj bg ch ci cj dfdg dh di dj ej oi 

PsaA 

PsaC 

PsaF 

Psal 

PsaK 

PsaL 

Hg. 5-3 
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CHAPTER 6. OXIDIZING SIDE OF PHOTOSYSTEM I: THE LYSINE-RICH 

REGION OF PLANT PSAF IS SUFHCIENT FOR BINDING OF THE 

DONOR PROTEINS, BUT NOT FOR THE ELECTRON TRANSFER 

WITHIN THE INTERMOLECULAR COMPLEX' 

A paper to be submitted to the Journal of Biological Chemistry 

Jun Sun, Huadong Tang, Manuel Hervds, Jos^ A. Navarro, Miguel A. De La Rosa, 

and Parag R. Chimis 

Summary 

The N-terminal lysine-rich region in the PsaF protein of the plant and algal photosystem I 

(PSI) complexes has been proposed to provide binding site for plastocyanin and cytochrome Cg 

during the electron transfer. To test this hypothesis, we generated the CFa, CFb, and CFc 

mutant strains of Synechocystis sp. PCC 6803, containing chimeric psaF genes with coding 

regions for the mature protein, the lysine-rich region, and the first a-helix in the lysine-rich 

region of spinach PsaF protein, respectively. The CFb and CFc mutant strains accumulated 

reduced levels of the chimeric PsaF proteins whereas the PsaF protein was not detected in the 

CFa mutant strain. The chimeric PsaF proteins were associated with the PSI complexes, but 

were less stable than the wild type PsaF protein. The CFb and CFc chimeric PsaF proteins 

could be cross-linked to algal plastocyanin or cytochrome Cg. These results indicated that the 

first a-helix in the lysine-rich region of spinach PsaF protein is sufficient for binding of the 

donor proteins whereas the helix-tum-helix structure provides stability of the chimeric PsaF 

protein. However, the fast phase of electron transfer was not observed in the interactions of 

eukaryotic donor proteins with the chimeric PSI complexes. Our results indicate that the lysine-

rich region is sufficient for the binding of the donor proteins, but not for the electron transfer 

within the intermolecular complex. 

' This work is supported in part by a grant from the US Department of Agriculture-NRICGP (97-35306-4555), 
the European Union (CHRX-CT94-0540 and FMRX-CT98-0218) and the Spanish Ministry of Education and 
Science (PB96-1381). Journal Paper No. J-XXXXX of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, Iowa, Project No. 3496 and supported by Hatch Act and State of Iowa funds. 
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Introduction 

PSI^ is a light-driven membrane-bound oxidoreductase that transfers electrons from the 

reduced plastocyanin in the tfiylakoid lumen to the oxidized ferredoxin in the chloroplast stroma 

or cyanobacterial cytoplasm (1,2). A monomer of cyanobacterial PSI contains eleven proteins, 

about 90 chlorophyll a molecules, 10-12 p carotene molecules, two phylloquinones, and three 

[4Fe-4S] clusters. The PsaA and PsaB proteins of PSI form the heterodimeric core that harbors 

most of the chlorophyll a molecules, including the primary electron donor P700. In addition to 

the core proteins, the cyanobacterial PSI complex contains three peripheral proteins (PsaC, 

PsaD, and PsaE) and six integral membrane proteins (PsaF, Psal, PsaJ, PsaK, PsaL, and 

PsaM) (1,2). Structural organization of PSI components is known from the X-ray 

crystallographic analysis of PSI at 4 A (3,4). On the oxidizing side of PSI, the P700 reaction 

center accepts electrons from plastocyanin, which is present in chloroplasts and cyanobacteria. 

Some cyanobacteria and green algae contain cytochrome as an alternative electron carrier to 

plastocyanin. These proteins are expressed differentially depending on the relative availability 

of copper and iron in the culture medium (5-7). 

The interactions between the plant plastocyanin and PSI shows a fast kinetic step, 

indicating first-order electron transfer within a complex of plastocyanin and PSI, and a slow 

phase attributed to tiie bimolecular reaction between plastocyanin and PSI (8-10). The PSI-

mediated oxidation of algal plastocyanin or cytochrome also takes place with a multi-step 

kinetic mechanism (11-13). In contrast, kinetic analysis of cytochrome Cg and plastocyanin 

oxidation by PSI from some cyanobacteria shows the absence of tiie fast phase, suggesting a 

one-step bimolecular collision mechanism (14-16). Examination of the structures of 

plastocyanin and cytochrome Cg reveals the presence of a conserved hydrophobic surface and a 

conserved negative region (17,18). The hydrophobic surface and its flat structure are required 

for the association and electron transfer to PSI (19,20). The negative region of eukaryotic 

plastocyanin has a significant role in the binding of plastocyanin to PSI (15,21). Thus, the 

interactions between eukaryotic plastocyanin and PSI involve the electrostatic interaction 

through the negative region of plastocyanin for the initial docking and the hydrophobic 

interaction that is crucial during electron transfer. The surface a-heUx / of PsaB is located near 

^ The abbreviations used are: PS, photosystetn; MOPS, 3-[N-tnorpho]linepropanesulfonic acid; PCR, 
polymerase chain reaction; DM, dodecyl-^D-maltoside; SDS, sodium dodecyl sulfate; DTT, dithiothreitol; 
EDC, N-ethyl-l,3-[3-(diethylamino)propyl]carbodiimide; Tricine, N-[2-hydroxy-I,l-bis(hydroxymethyl)ethyl]-
glycine; PAGE, polyacrylamide gel electrophoresis; AA, amino acid. 
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the P700 chlorophyll a dimer (3,4) and provides the site for hydrophobic interaction with the 

donor proteins (22). 

The PsaF subunit of PSI contains a large luminal N-terminal domain that may provide a 

docking site for plastocyanin on the oxidizing side of PSI. The deletion of PsaF reduced the 

electron transfer rate from plastocyanin to PSI in the green alga Chlamydomonas reinhardtii 

(23). However, the PsaF subunit of PSI is not required in the interactions with plastocyanin or 

cytochrome Cg in Synechocystis sp. PCC 6803 (16,24,25) and in Synechococcus elongatus 

(26). This discrepancy in the function of PsaF is addressed by chemical cross-linking studies. 

The conserved negative region in plant plastocyanin can be cross-linked with a lysine-rich 

region in the N-terminal domain of plant PsaF, which could fold into an amphipathic a-helix 

with the positively charged face interacting with plastocyanin (15). This lysine-rich region is 

well conserved among plant and algal PsaF proteins, but is not found in the cyanobacterial 

PsaF (24). Site-directed mutagenesis has indicated that Lysl6 and Lys23 play important roles 

in this recognition site (27). It has been proposed that the lysine-rich region in the N-terminal 

domain of eukaryotic PsaF is responsible for the complex formation between PSI and 

plastocyanin or cytochrome Cg in plant and algae. To test if the lysine-rich domain is sufficient 

for complex formation and fast electron transfer to P700, we introduced the lysine-rich region 

of spinach PsaF into the PsaF protein of Synechocystis sp. PCC 6803. Here we present the 

characterization of the PSI complexes containing chimeric PsaF proteins. 

Experimental procedures 

Cyanobacterial cultures. Strains of Synechocystis sp. PCC 6803 were cultured in BG-11 

medium with appropriate antibiotics (30 mg/1 chloramphenicol or 40 mg/l kanamycin) at 30°C 

and were aerated by bubbling with air. The growth of the Synechocystis cells was monitored 

from absorption of cultures at 730 nm (A730) using an UV-160U spectrophotometer 

(Shimadzu, Tokyo, Japan). Cells were harvested at the late exponential growth phase, 

resuspended in 0.4 M sucrose, 10 mM NaCl, 10 mM MOPS-HCl (pH 7.0), and stored at -

20''C for further use. 

Site-directed mutagenesis and generation of the mutant strains. The AFK6 strain of 

Synechocystis sp. PCC 6803 contains a deletion of the psaF gene (24) and was used as the 

recipient strain for introduction of the chimeric psaF genes into the Synechocystis genome 

(Fig. 6-1). The Synechocystis psaF gene has been replaced by the kanamycin-resistance gene 

in the AFK6 recipient strain (24). The FWT recombinant plasmid was constructed to introduce 

the chimeric psaF genes into the AFK6 recipient strain. In this plasmid, the Synechocystis 

psaF-psaJ operon and its 5'- and 3'-flanking regions were cloned into the polylinker of 
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pBluescript n KS (Stratagene, CA) and the chloramphenicoi-resistance gene was inserted after 

the psaJ gene (Fig. 6-1). The high-fidelity Vent DNA Polymerase (New England Biolabs, MA) 

was used for all PGR amplifications in this study. In addition, the psaF-psaJ operon in the 

FWT plasmid was sequenced completely to ensure the absence of errors during PGR 

amplification. The PGR-mediated mutation technique (28) was used to introduce an Hpal 

restriction enzyme site through silent mutation after the codon 5 for the matured PsaF protein 

and an Spel restriction enzyme site after the stop codon of the Synechocystis psaF gene in the 

FWT plasmid. The mutagenic oligonucleotide primers used for generation of the chimeric psaF 

genes that contain coding regions from the spinach psaF cDNA and the Synechocystis psaF 

gene are listed in Table 6-1. These primers contained different restriction endonuclease 

recognition sites for cloning purposes. The amplified PGR firagments were digested by 

appropriate restriction endonucleases and were ligated into the modified FWT plasmid that had 

been digested with the Hpal and Spel restriction enzymes. The chimeric psaF genes in the 

mutated recombinant plasmids were sequenced completely to ensure the presence of desired 

changes and the absence of errors by PGR amplification. The plasmid DNAs were isolated and 

used to transform the AFK6 recipient strain. Transformation was performed at 30°G using 

chloramphenicol for the selection pressure (29). The chloramphenicol-resistant transformants 

were selected, segregated for three generations, and replica-plated to confirm the absence of the 

kanamycin-resistance gene. After segregation, the chloramphenicol-resistant transformants 

were cultured in liquid BG-11 medium and the genomic DNA was isolated. PGR amplification 

of the psaF gene was performed by using genomic DNA templates fi:om the mutant strains and 

the primer pair FJ05 (GGATGAGGGTAAGAGGTTGG) and FJ06 (GTAGAAGGTGTGGGA 

GAATGG). The nucleotide sequence of these PGR fragments was determined to confirm 

mutations. 

Preparation of thylakoid membranes, PSI complexes, and donor proteins. Thylakoid 

membranes were isolated from Synechocystis cells after cell breakage with a bead beater 

(Biospec Products) and from spinach leaves after cell breakage with a blender. The trimeric 

PSI complexes were purified from membranes by extraction with DM and sucrose gradient 

ultracentrifugation (30). Ghlorophyll a concentrations in the diylakoid membranes and PS I 

complexes were determined in 80% (v/v) acetone (31). The P700 content was estimated by the 

measurement of photoinduced absorbance changes at 820 nm (13,32,33). Spinach 

plastocyanin and plastocyanin and cytochrome Cg from Synechocystis sp. PGG 6803 and green 

alga Monoraphidium braunii were purified as described previously (13,34). 

Analytical gel electrophoresis, immunodetection, and cross-linking. The PS I complexes 

and photosynthetic membranes were solubilized at 37°G for 2 hours with 1% SDS and 0.1% 
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DTT. Proteins were then resolved by Tricine/urea/SDS-PAGE and examined by 

immunodetection (35). We used polyclonal antibodies that were specific for Synechocystis 

PsaB (35), Synechocystis PsaF (36) or plant PsaF (37). The apparent mass of protein was 

determined from the migration of prestained protein molecular weight standards (Life 

Technologies, MD) upon electrophoresis. The cross-linking experiments were performed using 

EDC as the cross-linker (15). The cross-linking reaction mixture contained 30 mM HEPES, 

pH 7.5, 5 mM MgClj, 1 mM ascorbate, 5 mM EDC, 0.05% DM, and 20 pM donor protein. 

The concentrations of PSI complexes used in the cross-linking reaction were 0.1 rag 

chlorophyll/ml for spinach and FWT PSI complexes and 0.3 mg chlorophyll/ml for CFb and 

CFc PSI complexes. 

Laser-flash spectroscopy. Kinetics of flash induced absorbance changes in PSI was 

followed at 820 nm and the experimental set-up, data collection and kinetic analyses were 

performed as reported previously (13). 

Results 

Generation of the mutant strains containing chimeric psaF genes. Alignment of the amino 

acid sequences of mature PsaF proteins firom different sources revealed that the sequences were 

highly conserved in the C-terminal domain whereas the N-terminal domain contained a major 

difference between the eukaryotic and prokaryotic PsaF proteins (Fig. 6-2A). This difference is 

located in a lysine-rich region of Lys9-Leu61 in the N-terminal domain of spinach PsaF (Fig. 

6-2A). This lysine-rich region was predicted to form one a-helix in the region of Lys9-Tyr32, 

a second a-helix in the region of Ala37-Asn55, and a turn-structure connecting these two a-

helices in the short stretch of Ala33-Ser36 (15). Cross-linking experiment have indicated that 

the lysine residues at positions 12, 16, 19, 23, 24, 30 in the first a-helix and Lys43 in the 

second a-helix are possible sites for cross-linking PsaF with plastocyanin. The lysine residues 

in the first a-helix can be aligned on one side of the helix to form a positive face that could 

provide binding site for plastocyanin (15). 

To examine if the lysine-rich region is sufficient for the binding of plastocyanin to the PSI 

complex, we generated three chimeric psaF genes (Fig. 6-1). Since the genes would be 

expressed in Synechocystis cells and the protein needed to be targeted properly to the 

membrane, the CFa, CFb, and CFc psaF genes contained the DNA region encoding the signal 

peptide and the first 4 amino acid residues of the mature Synechocystis PsaF protein. The DNA 

region coding for the remaining mature Synechocystis PsaF protein was replaced by the coding 

region for Gly4-Phel54 of the mature spinach PsaF protein in the CFa psaF gene. The DNA 

region coding for the Gly4-Leu61 lysine-rich domain of spinach PsaF was used to replace the 
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coding sequence for the corresponding Asn5-Ala42 region of the cyanobacterial PsaF protein 

in the CFb psaF gene. Finally, the coding region for the Gly5-Asp35 first a-helix region of 

spinach PsaF substituted coding sequence for the corresponding Asn5-Leu23 region of the 

Synechocystis PsaF protein in the CFc psaF gene. The three DNA constructs containing the 

chimeric psaF genes and the FWT plasmid containing the wild type Synechocystis psaF gene 

were used to Uransform the AFK6 recipient strain. Fig. 6-2B shows the aligimient of the 

deduced amino acid sequences of the chimeric PsaF proteins along with the spinach and the 

wild type Synechocystis (FWT) PsaF protein sequences. 

After segregation, the resulting transformant strains were cultured in liquid BG-11 

medium. The genomic DNA templates were isolated from the transformant strains for PCR 

amplification. Appropriate PCR fragments containing the chloramphenicol-resistance gene 

were resolved on an agarose gel and yielded DNA bands as expected (data not shown). Thus, 

the chloramphenicol-resistance gene was integrated into the genomic DNA at the desired 

position in the transformant strains. PCR fragments containing the psaF genes were amplified 

with primer pair FJ05 and FJ06. The nucleotide sequences of these PCR fragments matched 

the desired mutations. These results indicated that the desired transformant strains containing 

chimeric psaF genes were obtained. 

Accumulation of chimeric PsaF proteins in the mutant strains. Thylakoid membranes were 

isolated from mutant strains and resolved by SDS-PAGE. For comparison, we loaded samples 

of the FWT membranes that contained different amounts of chlorophyll. The CFb, CFc, CFa, 

and AFK6 membranes containing 5 ^ig of chlorophyll were loaded in each lane. 

Immunodetection was performed with polyclonal antibodies against Synechocystis PsaB and 

PsaF (Fig. 6-3A). The PsaB protein accumulated at the same level in the FWT, CFb, CFc, 

CFa, and AFK6 membranes containing same amount of chlorophyll, indicating similar 

amounts of PSI complexes accumulated in these mutant membranes. As expected, no PsaF 

protein was detected in the membranes of the PsaF-less AFK6 strain. The CFb and CFc 

membranes contained PsaF proteins that migrated more slowly during electrophoresis than the 

PsaF protein in the FWT membrane. The apparent masses of the FWT, CFb, and CFc PsaF 

proteins were determined to be 15.8 kDa, 18.2 kDa, and 17.7 kDa, respectively. These masses 

matched the predicted molecular weights of 15.7 kDa, 18.0 kDa, and 17.2 kDa for the FWT, 

CFb, and CFc PsaF proteins, respectively. To estimate the level of PsaF in the mutant 

membrane, different amounts of the FWT PSI preparations were used in immunoblotting and 

the signals were compared after densitomeby. These comparative analyses showed that the 

CFb mutant contamed at least 10% chimeric PsaF proteins and the CFc mutant contained at 

least 5% chimeric PsaF proteins in their membranes. Since the antibody against Synechocystis 



129 

PsaF does not bind to the chimeric proteins with the same affinity, our estimates represent the 

minimum level of these chimeric proteins in the membranes. In the CFb and CFc membranes, 

the antibody against Synechocystis PsaF recognized a protein with an apparent mass of 9.2 

kDa. This protein is likely to be a degradation product from the chimeric PsaF proteins, 

indicating the reduced stability of these two chimeric PsaF proteins. However, the PsaF protein 

was not detected in the CFa membrane by the antibody against Synechocystis PsaF. Since the 

spinach PsaF did not cross-react with the antibody against Synechocystis PsaF, we also used 

the antibody against plant PsaF for Western blotting. The antibody against plant PsaF did not 

react with the FWT, CFb, and CFc PsaF proteins, and did not detect PsaF protein in the CFa 

membranes (data not shown). These results indicated that the CFb and CFc mutant strains 

accumulated the chimeric PsaF proteins at a reduced level whereas the CFa mutant strain could 

not accumulate detectable level of the PsaF protein. 

To examine if the chimeric PsaF proteins were associated with the PSI complex, the IM 

extracts of the mutant membranes were subjected to sucrose gradient ultracentrifiigation and 

fractions were collected after the ultracentrifiigation. The heavier green band containing trimeric 

PSI was collected as fraction 4. The lighter green band containing monomeric PSI and PSII 

was harvested as fraction 3. Fraction 1 contained the top layer in the ultracentrifiigation tube. 

Fraction 2 was collected between fractions 3 and 1. The fractions were resolved by SDS-

PAGE and Western blotting was performed using the antibody against Synechocystis PsaF 

(Fig. 6-3B). The PsaF proteins were detected in fractions 3 and 4 from FWT extract whereas 

chimeric PsaF protein was detected in fraction 4 from CFb extract. Similar results were 

observed with CFc extract (data not shown). Other fractions did not contain detectable PsaF 

proteins. Thus all CFb and CFc chimeric PsaF proteins in the membranes were integrated into 

the PSI complexes. 

The PSI complexes were purified by DM extraction and ultracentrifugation. The purified 

CFb, CFc, CFa, and AFK6 PSI complexes containing 5 |ig of chlorophyll and a gradient of 

FWT PSI complexes were resolved by SDS-PAGE. Western blotting analysis was performed 

by using antibodies against Synechocystis PsaB and PsaF (Fig. 6-3C). The PSI complexes 

from all 5 strains contained similar levels of the PsaB protein. Compared with the gradient of 

FWT PsaF proteins, the purified PSI complexes from the CFb and CFc strains contained 

approximately 10% and 5% chimeric PsaF, respectively. These estimates are similar to the 

estimated levels in the CFb and CFc membranes indicating that the chimeric PsaF proteins were 

associated with the PSI complexes. However, the 9.2 IcDa protein fragment was largely 

removed from the purified PSI complexes, indicating that this fragment was not associated 

with the PSI complexes or can be easily removed from the PSI complexes by DM extraction. 
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Cross-linking of the chimeric PsaF proteins to plastocyanin and cytochrome Cg. The role of 

the plant PsaF N-terminal lysine-rich region in the complex formation with donor proteins was 

proposed from the cross-linking experiments (15). During the interaction on the oxidizing side, 

this lysine-rich region of PsaF is expected to come close to the negative region of donor 

proteins through electrostatic interactions, resulting in the complex formation. Thus, the lysine 

and the aspartate/glutamate residues involved in the interactions should be positioned 

proximally and could be cross-linked by the zero length cross-linker EDC that forms a covalent 

bond between primary amine and carboxyl groups. To examine the complex formation between 

the chimeric PsaF proteins and the donor proteins, we performed cross-linking experiments 

using EDC as the cross-linker. Because the algal plastocyanin functions similarly as the plant 

plastocyanin (13) and plants contain no cytochrome Cg protein, we used plastocyanin and 

cytochrome Cg isolated from Synechocystis sp. PCC 6803 and green alga M. braunii in the 

cross-linking reactions. After quenching the cross-linking reaction, the proteins were resolved 

by Tricine/urea/SDS-PAGE and the anti-PsaF antibodies were used to detect the cross-linking 

products that contained the PsaF proteins (Fig. 6-4). No cross-linked product was formed 

when the FWT PSI complex was used, indicating that the Synechocystis PsaF protein did not 

form a complex with the donor proteins through electrostatic interactions. Cross-linked 

products were observed in the reactions of spinach PSI with the algal donor proteins, but not 

with the Synechocystis donor proteins. The cross-linked product of spinach PsaF with algal 

plastocyanin had a larger apparent mass (33.9 kDa) than that with algal cytochrome Cg (28.5 

kDa), because of the larger molecular weight of plastocyanin than of cytochrome Cg. Thus, the 

spinach PsaF can form a complex with the algal donor proteins. Similar to the spinach PsaF, 

the CFb and CFc PsaF could also be cross-linked to the algal donor proteins, but not to the 

Synechocystis donor proteins (Fig. 6-4). Therefore, the chimeric PsaF proteins could interact 

with algal donor proteins through electrostatic attraction. These results indicated that the first 

N-terminal a-helix of spinach PsaF is sufficient for enabling the formation of physical 

complexes between PSI and the algal donor proteins. The introduction of this helix into 

prokaryotic PsaF enables the electrostatic interaction with the eukaryotic donor proteins, which 

will bring the PSI complex and the donor proteins together to form the intermolecular complex. 

Electron tranter from donor proteins to PSI complexes containing chimeric PsaF proteins. 

Electron transfer within the mtermolecular complex formed by PSI and donor proteins shows 

the first-order kinetics (8-13). The PSI complexes containing the chimeric PsaF proteins were 

used for laser-flash spectroscopy studies. However, we failed to observe any first order 

kinetics in the electron transfer &om spinach or algal plastocyanin or algal cytochrome Cg to the 

PSI complexes containing chimeric PsaF proteins (Fig. 6-5A). Different concentrations of 
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electron donor proteins (25 to 200 ^M) or Mg^ (1 mM to 10 mM) were used during the 

electron transfer assays. The fast phase of electron transfer was not observed under any of the 

conditions attempted in our studies. The reduced level of chimeric PsaF in the mutant PSI 

complexes was expected to yield only a small fraction of the PSI complexes to participate in 

fast electron transfer with eukaryotic plastocyanin. To assess the sensitivity of the 

spectroscopic analysis, 0.17 |iM of spinach PSI complexes were added to the sample cuvette 

containing 200 ^iM of plastocyanin and 3.02 |iM of Synechocystis PSI complexes. A first 

order electron transfer was evident after addition of the spinach PSI complexes, which 

constituted only 5.3% of the total PSI complexes. Therefore, our inability to observe a fast 

phase of electron transfer in the chimeric PSI complexes was not caused by the sensitivity of 

our detection system. To examine the efficiency of the chimeric PSI complexes in accepting 

electrons from Synechocystis plastocyanin, rate constants were determined using different 

concentrations of Synechocystis plastocyanin (Fig. 6-5B). The rate constants given by the 

slopes of the linear fit were 6.34 x 10'® M"' s"' for FWT PSI, 6.21 x 10'® M"' s"' for CFb PSI, 

and 6.29 x 10 ® M's"' for CFc PSI. The CFb and CFc PSI complexes were as efficient as the 

FWT PSI complexes. Therefore the lack of functional interaction between eukaryotic 

plastocyanin and the chimeric PSI complexes was not due to the inability of the PSI m electron 

transfer, but was due to the lack of recognition between the eukaryotic electron donors and the 

chimeric PSI complexes. Therefore, the chimeric PSI complexes were able to form physical 

complexes with eukaryotic electron donors, but these complexes were not functional in electron 

transfer. 

Discussion 

The PSI complex accepts electrons from plastocyanin or cytochrome Cg on the luminal side 

of the thylakoid membrane. Studies of the interactions on the oxidizing side of PSI have shown 

that the eukaryotic PSI complexes interact with eukaryotic donor proteins following a multi-

step electron transfer mechanism. An initial docking of the donor proteins occurs through 

electrostatic interactions, followed by rearrangement in many cases (12). In contrast, some 

cyanobacterial PSI complexes interact with prokaryotic donor proteins following a one-step 

bimolecular collision mechanism (10,13,15). Comparison of the PsaF protein sequences from 

eukaryotic and prokaryotic photosynthetic organisms has revealed that the eukaryotic PsaF 

proteins contain a conserved lysine-rich region, which is not found in prokaryotic PsaF (24). 

This region may form a helix-tum-helix structure and can be cross-linked with the negative 

region of plastocyanin (15). The insertion of the N-terminal part of PsaF from 

Chlamydomonas reinhardtii into PSI from Synechococcus elongatus enables the binding of 
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algal plastocyanin and cytochrome Cg (38). To test if the lysine-rich region is sufficient for 

complex formation, we introduced coding regions for the lysine-rich region of spinach PsaF 

into the psaF gene of Synechocystis and produced the chimeric PsaF proteins. The chimeric 

PsaF proteins enabled the formation of intermolecular complexes between PSI and donor 

proteins indicating the sufficient role of this lysine-rich region in the electrostatic interaction. 

The CFb and CFc mutant strains accumulated chimeric PsaF proteins whereas the CFa 

mutant strains did not contain detectable PsaF protein (Fig. 6-3A). The accumulation of PsaF 

protein could be affected by several factors including transcription, translation, membrane 

translocation, assembly into the PSI complex, and stability of the chimeric PsaF proteins. The 

FWT PSI complexes contained similar levels of PsaF and PsaB proteins as compared to the 

PSI complexes isolated from the wild type strain, suggesting a normal transcription of the psaF 

gene in the FWT strain. The same upstream and downstream DNA sequences in the FWT 

strain were used in the CFa, CFb, and CFc mutant strains. The CFa, CFb, and CFc strains 

should contain a normal transcription level of the psaF gene. 

The chimeric psaF genes might be translated inefficientiy due to the differences in the 

codon usage in the spinach and Synechocystis genes. To investigate this possibility, we 

analyzed the codon frequencies in the chimeric and FWT psaF genes (Table 6-2). The codon 

usage in the wild type Synechocystis psaF gene matched well with the codon frequency in the 

Synechocystis genome. Some major codons used in the CFa psaF gene were rare codons or 

were at low frequency in the Synechocystis genome, such as AGG and AGA for arginine, 

GAG for glutamate, GGG and GGA for glycine, AAG for lysine, CCA for proline, and ACA 

for threonine. The rare codons may have very few corresponding tRNA molecules. The 

extensive use of the rare codons in the CFa psaF gene might have resulted in its gready reduced 

translation. Thus, the codon frequency in the CFa psaF gene is a likely reason for the 

undetectable levels of the PsaF protein in the mutant strain. A relatively small number of rare 

codons is used in the CFb and CFc psaF genes. Examples of these codons include AGG for 

arginine, CCA for proline, and ACA for threonine. The use of these codons might result in 

reduced translation. The chimeric PsaF proteins and the 9.2-kDa degradation product together 

were still far less than the normal level of PsaF protein in the thylakoid membranes. Thus, the 

peculiar codon usage in the CFb and CFc psaF genes could result in a reduced biosynthesis of 

the chimeric PsaF proteins in these mutant strains. 

We used the lumen-targeting peptide of the Synechocystis PsaF in all mutant strains. Thus, 

it is unlikely that the translocation of the N-terminal domain affected the accumulation of PsaF 

protein. The transmembrane helices play an important role in the assembly of membrane 

protein complex. Protein sequence analysis revealed that the C-terminal domain of the PsaF 
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proteins contains two transmembrane helices in the regions of Leu65-Leu86 and VallOO-

Serl27 of Synechocystis PsaF protein. The CFb and CFc PsaF proteins contained the 

Synechocystis PsaF C-terminal domain. Also, the chimeric PsaF proteins were associated with 

the PSI complexes (Fig. 6-3B). Therefore, the CFb and CFc PsaF proteins are likely to have a 

normal mode of assembly. Since the CFa PsaF protein contains the plant PsaF C-terminal 

domain, we could not exclude that improper assembly resulting in fast turnover as another 

reason for its undetectable level in the membranes. Finally, the CFc membranes contained more 

PsaF degradation product than the CFb membranes (Fig. 6-3A). It is likely that the CFc PsaF 

protein is more unstable than the CFb PsaF protein. In summary, difficulties in translation and 

improper assembly might be the reasons for the failure of the CFa protein to accumulate in the 

membranes, whereas reduced translation and decreased stability of the chimeric PsaF protein 

could result in the low levels of PsaF proteins in the CFb and CFc mutant strains. 

The antibody against the Synechocystis PsaF protein recognized the CFb and CFc chimeric 

PsaF proteins, but did not cross-react with the spinach PsaF protein. The antigen epitope for 

the antibody against Synechocystis PsaF is located possibly in the C-terminal domain. The 9.2 

kDa degradation product can be detected by the antibody against Synechocystis PsaF and thus 

should be released from a cleavage after Leu43 of the Synechocystis PsaF protein. A cleavage 

at His60 of Synechocystis PsaF protein would yield a 9.2 kDa degradation product containing 

the C-terminus. Therefore, the cleavage site for the degradation product is located in the region 

between Leu43 to His60. This region is before the first transmembrane helix and located on the 

luminal side of the thylakoid membrane. Thus, the degradation site of the chimeric PsaF 

protein, which might be the same site for degradation of Synechocystis PsaF protein, is located 

on the thylakoid lumen. 

The CFb and CFc chimeric PsaF proteins can be cross-linked to the algal donor proteins 

(Fig. 6-4), indicating that the lysine-rich region is sufficient to provide electrostatic interaction 

with the negative region of the eukaryotic donor proteins. This lysine-rich region contains a 

helix-tum-helix structure (Fig. 6-2). The lysine residues in the first helix are likely to be cross-

linked with plastocyanin (15) and important for binding of donor proteins (27). In our results, 

the introduction of the first helix only in the CFc chimeric PsaF protein allowed cross-linking. 

Therefore, the first helix, which contains 30 amino acid residues, is sufficient for the 

electrostatic interaction with the eukaryotic donor proteins. However, the CFc membranes 

contained more degradation product than the CFb membrane (Fig. 6-3A). Therefore, the CFb 

chimeric PsaF protein containing the helix-tum-helix structure is much more stable than the 

CFc chimeric PsaF protein containing only the first helix. Our results indicated that the first 

helix with a positively charged face is sufficient for binding to the donor proteins and the 
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second helix, which is expected to complete the helix-tnm-helix structure, can provide stability 

to the chimeric protein. 

The CFb and CFc PSI complexes contained similar electron transfer rate constants in 

accepting electrons from Synechocystis plastocyanin (Fig. 6-5A), indicating that these chimenc 

PSI complexes were active and efficient in electron transfer. However, first-order electron 

transfer was not observed in the electron transfer assays under different conditions (Fig. 6-

5B). Therefore, the introduction of the lysine-rich region of spinach PsaF into Synechocystis 

PSI complex enabled the complex formation, but the complex was not functional. It is possible 

that the chimeric PsaF proteins attract the donor proteins to form the intermolecular complex, 

but the donor proteins are not orientated optimally within the complex to allow the proper 

hydrophobic interaction for electron transfer. Altematively, it has been proposed that a 

rearrangement step following the complex formation is required for electron transfer from 

eukaryotic donor protein to PSI (12). It is also possible that the components required by the 

rearrangement are absent in the CFb and CFc chimeric PSI complexes. The insertion of the N-

terminal Aspl-Gly85 region of algal PsaF into Synechococcus PSI complex enables the fast 

first-order electron transfer from algal cytochrome Cg to the hybrid PSI complex (38). 

Comparing these two results, it is likely that the Leu62-Gly81 region of spinach PsaF may 

contain residues that are required for the proper orientation of the donor proteins within the 

complex or are necessary for the rearrangement of the complex to allow the electron transfer. 

Therefore, the results presented here demonstrate that the lysine-rich domain of plant PsaF is 

sufficient for the binding of the donor proteins but not for the electron transfer within the 

intermolecular complex. 
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Figure legends 

FIG. 6-1. Generation of the chimeric psaF genes. The Synechocystis sp. PCC 6803 

genomic region around the psaF-psaJ operon is shown as dark lines and the spinach cDNA 

clone is shown as light lines. Arrows show the location, size and direction of genes. The 

kanamycin resistance and chloramphenicol resistance genes are shown as long boxes. The 

precursor domains of both Synechocystis and spinach PsaF are shown as boxes with labels. 

PCR-based mutagenesis techniques were used to generate the chimeric psaF genes. 

FIG. 6-2. Amino acid sequence alignments of the PsaF proteins. A, The PsaF 

protein sequences from spinach, barley, Chlamydomonas reinhardtii (Ch.r.), Synechococcus 

elongatus (Sy.e.), and Synechocystis sp. PCC 6803 (Sy.6803) were aligned using 
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GeneWorks software (InteiliGenetics, CA). The lysine-rich region is underlined. The two N-

terminal a-heiices and the predicted transmembrane helices are marked by bold lines. Lysine 

residues that might be cross-linked to plastocyanin are labeled by asterisks. The conserved 

amino acid residues are shaded. B, protein sequence alignment of the deduced chimeric PsaF 

proteins with spinach and Synechocystis PsaF proteins. The replacements in the chimeric PsaF 

proteins are underlined. 

FIG. 6-3. Western blotting analysis of the membranes and PSI complexes 

from the mutant strains. The proteins were resolved by Tricine/urea/SDS-PAGE. The 

antibodies against Synechocystis PsaB and PsaF were used and the immunodetection was 

visualized by enhanced chemiluminescence. A, membranes were isolated from the mutant 

strains and samples containing the indicated chlorophyll amount were loaded in each lane. B, 

fractions were collected as described in 'Results'. Fractions 3 and 4 containing 5 ng of 

chlorophyll were loaded, whereas fractions 1 and 2 were loaded in a volume three times of the 

volume of fraction 4. C, PSI complexes were purified from the membranes by DM extraction 

and were loaded with the indicated chlorophyll amount. 

FIG. 6-4. Western blotting analysis of the cross-linked PSI complexes with 

the donor proteins. Spinach and FWT PSI complexes containing 5 ^g of chlorophyll and 

CFb and CFc PSI complexes containing 30 |ig of chlorophyll were loaded for 

Tricine/urea/SDS-PAGE. The donor proteins used were plastocyanin (Pc) and cytochrome Cj 

(Cyt) from Synechocystis sp. PCC 6803 (Sy.6803) and green alga Monoraphidium braunii 

(Mo.b.). The antibody against Synechocystis PsaF was used for immunodetections with FWT, 

CFb, and CFc PSI complexes and the antibody against plant PsaF was used for 

inununodetection with spinach PSI complexes. The immunodetection was visualized by 

enhanced chemiluminescence. 

FIG. 6-S. Electron transfer from donor proteins to the chimeric PSI 

complexes. A, laser-flash spectroscopy of purified PSI complexes with spinach and algal 

plastocyanin. Trace a represents kinetic traces recorded using FWT, CFb, and CFc PSI 

complexes and reduced spinach and algal plastocyanin (25 ^ to 200 ^M) in presence of Mg*^ 

(1 mM to 10 mM). Trace b was recorded with a mixture of 5.3% spinach PSI and 94.7% 

Synechocystis PSI complexes interacting with 200 |iM of plastocyanin. B, electron transfer 

rate constants of the FWT, CFb, and CFc PSI complexes were measured using different 

concentrations of Synechocystis plastocyanin. 



Table 6-1. Mutagenic oligonucleotide primers used for generation of the chimeric psaF genes 

Chimeric 
psaF gene 

Template 5'-Primer 3'-Primer 

CFa Spinach 
cDNA 

¥ni{HpaI) 
ACATTGCAGGGTTAACACCATGC 

FJ18(5pe/) 
GGACTAGTTAAAAGTTGTTGTCAACAAGCTCAC 
C 

CFb 

Spinach 
cDNA 

FJ17 {Hpal) 
ACATTGCAGGGTTAACACCATGC 

VneiBamHI) 
CCATCGGATCCACAAAGCAAACCATAC CFb 

FWT 
plasmid 

FJll {BamHI) 
CGCGGATCCGAAGGTTATCCCCACCTG 

VniiSpel) 
GCCCAACTAGTTAGCGGGG 

CFc 

Spinach 
cDNA 

FJ17 (//pa/) 
ACATTGCAGGGTTAACACCATGC 

FJ14(Sa//) 
AATGGTCGACTGCGTACAGCTTCAACG CFc 

FWT 
plasmid 

FJ09 (Salt) 
ACGCGTCGACAATACCACCAACGATCCC 

FJ12(Spe/) 
GCCCAACTAGTTAGCGGGG 
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Table 6-2, Codon frequency in the chimeric psaF genes and the genomic DNA 

AA Codon CFa CFb CFc FWT 6803* 

COG 0—0.00 1—0.17 2—0.29 2—0.33 0.32 

CGA 0—0.00 0—0.00 0—0.00 0—0.00 0.07 

Arg CGT 0—0.00 2—0.33 3—0.43 3—0.50 0.26 Arg 
CGC 0—0.00 1—0.17 1—0.14 1—0.17 0.25 

AGG 4—0.57 2—0.33 1—0.14 0—0.00 0.05 

AGA 3—0.43 0—0.00 0—0.00 0—0.00 0.04 

Glu 
GAG 7—0.88 2—0.20 1—0.10 0—0.00 0.24 

Glu 
GAA 1—0.12 8—0.80 9—0.90 9—1.00 0.76 

GGG 5—0.38 1—0.07 1—0.08 0—0.00 0.19 

Gly 
GGA 3—0.23 2—0.14 0—0.00 0—0.00 0.12 

Gly 
GGT 4—0.31 9—0.64 9—0.69 9—0.75 0.38 

GGC 1—0.08 2—0.14 3—0.23 3—0.25 0.31 

Lys 
AAG 14—0.88 13—0.73 8—0.57 2—0.22 0.31 

Lys 
AAA 2—0.12 5—0.28 6—0.43 7—0.78 0.69 

CCG 0—0.00 0—0.00 0—0.00 0—0.00 0.16 

Pro 
CCA 3—0.38 2—0.20 1—0.09 0—0.00 0.08 

Pro 
CCT 4—0.50 2—0.20 2—0.18 2—0.17 0.18 

CCC 1—0.12 6—0.60 8—0.73 10—0.83 0.58 

ACG 0—0.00 0—0.00 0—0.00 0—0.00 0.11 

Thr 
ACA 4—0.67 3—0.43 2—0.29 1—0.14 0.08 

Thr 
ACT 1—0.17 1—0.14 1—0.14 1—0.14 0.21 

ACC 1—0.17 3—0.43 4—0.57 5—0.71 0.60 

*. Codon frequencies were summarized from more than 140 genes related to photosynthesis 

and respiration containing a total of 36087 codons and were used to represent the codon 

frequencies in the Synechocystis sp. PCC 6803 genome. 
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CHAPTER 7. GENERAL CONCLUSIONS 

Electron transfers between two proteins constitute many important biological reactions that 

are involved in different biological functions. These reactions include the electron transfers 

from cytochrome bj complex to plastocyanin/cytochrome Cg to PSI in oxygenic 

photosynthesis, from Complex ni to cytochrome c to Complex IV in respiration, from 

electron-transfer flavoprotein to acyl-CoA dehydrogenase in fatty acid oxidation, and 

cytochrome to desaturase in fatty acid desaturation, etc. Since the rate of electron transfer is 

related exponentially to the distance between the redox centers of the two proteins, the 

interactions between the two proteins play a crucial role for the electron transfer reactions. In 

this dissertation, we studied the interactions between plastocyanin/cytochrome Cg and the PSI 

complex. 

On the oxidizing side of photosystem I (PSI), the donor proteins interact with the PSI 

complex with a multi-step kinetic mechanism in chloroplasts and a one-step kinetic mechanism 

in some cyanobacteria. The multi-step kinetic mechanism includes initial electrostatic 

interactions leading to the formation of an intermolecular complex and hydrophobic interactions 

for the fast electron transfer within the intermolecular complex. The one-step kinetic 

mechanism involves only hydrophobic interactions for the electron transfer through 

bimolecular collision. The structural basis on the donor proteins for the electrostatic and 

hydrophobic interactions has been proposed from their structures based on X-ray 

crystallography and has been confirmed by site-directed mutagenesis. These regions include 

the conserved negative and hydrophobic regions of plastocyanin and cytochrome c^. In the 

research leading to this dissertation, the structural basis on the PSI complex for the interactions 

was studied by biochemical and molecular genetic analyses in the model system Synechocystis 

sp. PCC 6803. Specifically, site-directed mutagenesis was used to identify the roles of the N-

terminal lysine-rich region of plant PsaF and the luminal loops of PsaB in the molecular 

recognition with plastocyanin and cytochrome Cg. 

The N-terminal domain of chloroplast PsaF contains a lysine-rich region, which is not 

present in the cyanobacterial PsaF. This lysine-rich region has been predicted to form a heUx-

tum-helix structure. Chimeric psaF proteins containing the lysine-rich region of spinach PsaF 

were generated in Synechocystis sp. PCC 6803 cells and the Synechocystis chimeric PsaF 

proteins could be cross-linked to algal plastocyanin and cytochrome Cg. However, the fast 

electron transfer was not observed ui the interactions of eukaryotic donor proteins to the 
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chimeric PSI complexes. Thus, the lysine-rich region is sufficient for the binding of the donor 

proteins, but not for the electron transfer within the intermolecular complex. 

The PSI core proteins are expected to interact with the donor proteins directly. Topography 

of the PSI core proteins was examined to identify the best candidate lummal loops of PsaA and 

PsaB for interactions with the donor proteins. These studies distinguished PsaA and PsaB in 

the structural model of PSI and identified the luminal J and H loops of the core protein for 

mutational studies. Studies on the site-directed mutations in the J loop of PsaB provided 

evidence for interactions between the electron donor proteins and the luminal surface helix / in 

the J loop of PsaB. The H loop of PsaB was extensively accessible to protease. Studies on the 

deletion and repetition mutations in the H loop of PsaB suggested that sections of the H loop of 

PsaB might play an important role in the structural integrity of the PsaB protein. The H loop of 

PsaB might fold on the surface and form an entrance to the interaction site for the donor 

proteins. 

Based on these results, plastocyanin recognizes the PSI complex in plants through ionic 

interactions that involve the acidic residues in the negative region of chloropiast plastocyanin 

and the basic residues in the lysine-rich region of plant PsaF protein. The electrostatic 

interactions lead to the formation of intermolecular complex. Other components are required for 

the proper orientation of plastocyanin to the PSI complex, which is crucial for the hydrophobic 

interaction to allow the electron transfer. The H loop of the PsaB protein forms an entrance to a 

cavity, inside which the I helix of the J loop folds close to the membrane and provides the 

hydrophobic interaction site for the donor proteins. The H and J loops of PsaA and PsaB may 

function cooperatively. With the proper hydrophobic interactions, the donor proteins donate 

electron to the P700 reaction center of the PSI complex. 
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APPENDIX A. ISOLATION AND FUNCTIONAL STUDY OF 

PHOTOSYSTEMI SUBUNITS IN THE CYANOBACTERIUM 

SYNECHOCYSTIS SP. PCC 6803 

A paper published in Methods in Enzymology' 

Jun Sun, An Ke, Ping Jin, Vaishali P. Chitnis, Parag R. Chitnis 

Introduction 

Photosystem I (PS I) is a multiheteromeric pigment-protein complex in thylakoid 

membranes of cyanobacteria.'"^ PS I catalyzes the photooxidation of plastocyanin or 

cytochrome Cj in thylakoid lumen and the photoreduction of ferredoxin or flavodoxin in 

cyanobacterial cytoplasm. The PS I complex contains the photosynthetic pigments (chlorophyll 

a and p carotene) and five electron transfer centers (A^, A,, F^, F^, and FQ) that are bound to 

the PsaA, PsaB, and PsaC proteins. In addition, PS I complex contains at least eight other 

polypeptides that are accessory in their functions. Recent x-ray crystallographic analysis of 

cyanobacterial PS I at 4 A resolution"* has revealed its structure and overall organization. 

Application of molecular genetics has now become indispensable to determine the role of 

individual amino acids that provide precise environment for the cofactors to function in efficient 

transfer of energy and electrons. 

In recent years, cyanobacteria have been used increasingly to study structure-function 

relations in photosynthetic proteins, including PS 1. The mesophilic cyanobacterium, 

Synechocystis sp. PCC 6803 is a model system for using molecular genetic approaches to 

study functions of PS I proteins. Its genome is completely sequenced^ and the protein 

components of its photosystems are identified.' Targeted mutations in all genes for PS I 

proteins are available. Here we describe biochemical and molecular genedc methods and 

resources to study PS I of Synechocystis sp. PCC 6803. 

' Reprinted with permission of Metiiods in Enzymology, 297, 124-139, (1998) 
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Isolation of Photosystem I Complexes 

Rapid Preparation of Photosystem I Trimers 

Cyanobacterial PS I can exist in trimeric quaternary structure in the membranes.® The PS I 

trimers can be purified rapidly by sucrose gradient ultracentrifugation.' The yield of PS I 

trimers is influenced by several factors: the choice of detergent that is used for solubilization of 

membranes, the ratio of detergent to membranes, and ionic conditions and pH during 

solubilization. Among a dozen different detergents tested, dodecyl-P-D-maltoside has been 

shown to be the most suitable detergent to dissolve membranes with minimum disturbance to 

the quatemary structure of PS I. The optimal ratio of chlorophyll to detergent for the 

photosynthetic membranes of Synechocystis sp. PCC 6803 is 1:15. The presence of high 

concentrations of monovalent cations or acidic pH shifts the monomer-trimer balance towards 

monomers while calcium stimulates trimerization. A typical procedure for isolation of PS I 

trimers is given below. 

Cells are harvested at the late exponential stage of growth, and suspended in SMN solution 

(0.4 mM sucrose, 10 mM NaCl, 50 mM MOPS, pH 7.0) with the protease inhibitors 

phenylmethyl sulfonylfluoride (0.2 mM) and benzamidine (5 mM). The cells are broken in a 

bead beater and thylakoids are isolated by centrifiigation at 50,OCX) x g for 60 minutes. 

Typically, three liters of cells (1.0 OD at 730 nm) yield thylakoids containing about 5 mg 

chlorophyll. 

The membranes (1 mg chlorophyll/ml) are incubated for 30 minutes at room temperature 

with 1 mM CaCl2 in SMN. They are solubilized by addition of dodecyl |3-D-maltoside to a final 

concentration of 1.5% and incubating for 15 minutes on ice. 

Insoluble material is pelleted by centrifiigation at 20,000 x g for 15 minutes and the 

supernatant is layered on a 10-30% step gradient of sucrose in 10 mM MOPS, pH 7.0, 0.05% 

dodecyl p-D-maltoside. Ultracentrifugation at 160,(K)0 x g for 16 hours resolves the pigmented 

complexes of the photosynthetic membranes into distinct bands (Fig. A-IA). Samples 

containing 200 ^g chlorophyll can be used in 13 ml tubes of SW41 rotor. The heavier green 

band contains PS I trimers without any significant impurity (Fig. A-IB). Typically, 60% 

chlorophyll in thylakoid can be recovered as PS I trimers by this procedure. 

Purification of Photosystem I by Ion-Exchange Chromatography and Ultracentrifugation 

The 'Nelson' method for purification of plant PS I® can be used for purifying active PS I 

firom Synechocystis sp. PCC 6803 membranes. The isolated thylakoid membranes are adjusted 

to 500 |i.g chlorophyll/ml with SMN buffer and Triton X-100 is added at a ratio of 1:10 
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(chlorophyll : Triton X-100, w/w). The membranes containing 5-10 mg chlorophyll are 

solubilized for 15-20 minutes on ice and centrifiiged at 20,000 x g for 10 minutes at 4°C. After 

centrifugation, the supernatant is applied to a 2.5 cm x 10 cm DEAE-cellulose column 

equilibrated with the MOPS-Triton buffer (10 mM MOPS, pH 7.0, 0.05% Triton X-100). The 

unbound and loosely bound proteins are removed by washing the column with 50 mM NaCl in 

MOPS-Triton buffer. The bound proteins are eluted with a 50 to 200 mM NaCI gradient in 

MOPS-Triton buffer. The green fraction, containing the PS I complexes, is eluted by ~ 100 mM 

NaCl. To concentrate PS I complexes further, this chromatography step can be repeated by 

diluting the green fraction four times with MOPS-Triton buffer without NaCl and loading this 

diluted green fraction on a second DEAE-cellulose colume. After washing, PS I complexes can 

be eluted with 2(K3 mM NaCl in MOPS-Triton buffer and collected as a dark green fractions. 

Chromatography is performed at 4°C. 

The dark green fractions are combined for sucrose gradient ultracentrifiigation. The 

fractions are applied to a 5% to 30% sucrose step-gradient in MOPS-Triton buffer and 

ultracentrifuge at 160,OCX) x g for 16-18 hours at 4°C. Purified PS I complexes form a distinct 

green layer in the centrifuge tube and can be collected by puncturing bottom of the tube or by 

using a glass Pasteur pipette. If necessary, PS I complexes can be concentrated with a 50K 

Macrosep centrifugal concentrator (Amicon, Beverly, CA). Purified PS I is stored at -20°C or -

80°C for further use. Typical yield of PS I using this method is approximately 7 mg 

chlorophyll in PS I from thylakoids containing 10 mg chlorophyll. The PS I purified by this 

method is suitable for biochemical and spectroscopic studies. These preparations contain 

approximately 100 chlorophyll molecules per P700. 

Alternative Methods 

In addition to the methods described above, several other methods have been successfully 

used to purify PS I complexes from cyanobacterial membranes. Digitonin-solubilization, 

sucrose gradient ultracentrifiigation, and preparative PAGE can be used to isolate different 

types of PS I reaction centers from cyanobacterial thylakoids.' Homogeneous PS I complexes 

can also be purified by preparative HPLC purification: anion exchange chromatography step 

followed by hydroxyapatite chromatography and gel-filtration chromatography steps.'" 

Purification of Photosystem I subunits 

Purified individual PS I subunits are usefiil in structural, cross-linking, and topographical 

studies. They are also used in resolution-reconstitution experiments to understand function of 

PS I proteins. In addition, they have been used as antigens to raise subunit-specific antibodies. 
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For purpose of raising subunit-specific antibodies, individual PS I subunits can be separated 

by Tricine-urea-SDS-PAGE" and stained with Coomassie Blue. The gel slices can be excised 

and used directly as antigens for subunit-specific antibodies. 

From isolated complexes 

PsaC, PsaD, and PsaE are peripheral subunits on the reducing side of PS I complex. They 

can be separated and purified from the PS I complexes. To extract these subunits from the PS I 

core, solid ultrapure urea is added to a final concentration of 7.5 M. The final PS I 

concentration is adjusted to 200 ng chlorophyll/ml and 1 M Tris-HCl buffer (pH 7.5) is added 

to make a final concentration of 20 mM. Urea is dissolved by slow shaking at room 

temperature for about 30 minutes. Most of the PsaC, PsaD and PsaE subunits should 

dissociate from the PS I core by urea treatment. Extracted proteins are separated by 

ultrafiltration with lOOK Microsep centrifugal concentrator at 3,000 x g for 2 hours at 10-15°C. 

The eluted fraction contains PsaC, PsaD and PsaE and can be concentrated by ultrafiltration 

with a 3K Microsep centrifiigal concentrator. 

The individual subunits from the mixture of PsaC, PsaD and PsaE can be separated by ion-

exchange chromatography. An Econo-Pac high S cartridge (Bio-Rad Laboratories, Hercules, 

CA) is equilibrated with 20 mM Tris-HCl (pH 7.5) buffer, the urea extracted peripheral 

proteins are loaded and the column is washed with 2 ml of 20 mM Tris-HCl (pH 7.5) buffer. 

The unbound fraction contains the PsaC and PsaE subunits while the PsaD subunit binds to the 

column and can be eluted with a 0 to 500 mM NaCl gradient. To separate PsaC and PsaE 

subunits, the concentrated unbound fraction from the Econo-Pac high S cartridge is applied on 

an Econo-Pac high Q cartridge (Bio-Rad Laboratories, Hercules, CA) equilibrated with 20 mM 

Tris-HCl (pH 7.5) buffer, and the column is washed with 2 ml of 20 mM Tris-HCl (pH 7.5) 

buffer. The unbound fraction contains PsaE subunit. PsaC subunit can be eluted with a 0 to 

500 mM NaCl gradient. The purity of the separated proteins is examined by Tricine-urea-SDS-

PAGE and Western blotting. 

From overexpressed proteins 

The peripheral PS I subunits (as PsaD and PsaE) can also be purified after overexpression 

in Escherichia coli cells. The genes (psaD and psaE) are cloned in pET-21a and the transformed 

E. coli cells are used for overexpression. Typically, a fermentor container with 10 liters LB is 

prewanned to 37°C and inoculated with 400 mi overnight culture. Cells are aerobically grown 

at 37°C for 2-3 hours till the ODg^o of the culture reaches 0.6-1.0. 1 mM of isopropylthiol-P-D-

galactoside (IPTG) is used to induce the protein overexpression. Cells are harvested at 3 hours 
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after induction and suspended in minimal TS buffer (20 niM Tris-HCl, pH 7.0) containing 5 

mM PMSF and 5 niM benzamidine. 

To extract proteins, the cells are broken by sonication and centrifiiged at 20,000 x g for 30 

minutes to pellet inclusion bodies and membranes. The pellets are resuspended in 5 volumes of 

wash buffer (100 mM Tris-HCl, pH 7.0; 5 mM EDTA; 5 mM DTT; 2 M urea; and 2% Triton 

X-100) and centrifiiged. This step is repeated until the supernatant is clear. The pellets are 

resuspended in 5 volumes of wash buffer without Triton X-100 and urea and centrifiiged 

again. Finally, the pellets are homogenized in extraction buffer (50 mM Tris-HCl, pH 7.0; 5 

mM EDTA; 8 M guanidine-HCl and 5 mM DTT) at the ratio of 1 ml buffer per gram of original 

wet cells and centrifiiged at 120,000 x g for 1 hour. The supernatant containing overexpressed 

protein is filtered through a 0.45-^mi filter. PsaE can be purified by DEAE-cellulose 

chromatography as unbound fraction while impurities remain bound to DEAE-cellulose with 10 

mM Tris-HCl buffer (pH 7.5). Purification of PsaD can be performed on an Econo-Pac high S 

cartridge as described before. Purified proteins can be desalted by dialysis against 10 mM Tris-

HCl (pH 8.0) at 4°C for 16 hours and concentrated by ultrafiltration with 3K Microsep 

centrifugal concentrator. Protein concentrations are measured from deduced extinction 

coefficiency 1 A2go=0.97 mg/ml for PsaD and 1 A2go=l -38 mg/ml for PsaE. 

The PsaD and PsaE subunits can be overexpressed as fusion proteins with polyhistidine tag 

at C-terminus and purified by affinity chromatography. The psaD gene is inserted into pET-21b 

(+) vector between Xhol and Ndel sites. Plasmid containing psaD gene is introduced mto 

BL21 (DE3) strain of Escherichia coli. The gene is induced by incubating with 1 mM IPTG at 

37°C for 3 hours. Induced cells are broken by sonication. Most overexpressed PsaD is in the 

soluble fraction. The soluble overexpressed tagged PsaD protein is purified by His'Bind Resin 

and Buffer kit (Novagen, Madison, WI). 2.5 ml His*Bind Resin is prepared in a small 

polypropylene column and washed by 3 volumes of sterile deionized water. The affinity 

material Ni*^ is immobilized on resin by 5 volumes of Charge Buffer (50 mM NiSOj. After 

the column is equilibrated by 3 volumes of Binding Buffer (5 mM imidazole, 0.5 M NaCl, 20 

mM Tris-HCl, pH 7.9), samples are loaded on column. The column is then washed by 10 

volumes of Binding Buffer and 6 volumes of Wash Buffer (60 mM imidazole, 0.5 M NaCl, 20 

mM Tris-HCl, pH 7.9). Bound proteins are finally eluted in Elute Buffer (1 M imidazole, 0.5 

M NaCl, 20 mM Tris-HCl, pH 7.9), and desalted twice using Econo-Pac lODG column (Bio-

Rad Laboratories, Hercules, CA) to remove the imidazole completely. Purified PsaD proteins 

are stored ui -20°C for further use. 
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Topographical characterization of Photosystem I 

During the past few years, major advances in x-ray crystallography" '^ have provided a 

framework for understanding the overall architecture of PS I. However, due to the lower 

resolution of these studies, more detailed information about the structure of PS I is not 

available. Topographical studies using biochemical techniques reveal exposed domains or 

exposed amino acid residues, the interactions among PS I subunits or between PS I and its 

electron donor or acceptor, and the roles of individual residues in the interactions. 

Topographical studies on complex assemblies like PS I are the most convenient means for 

correlating defects in function due to mutations with perturbations in structural organization. It 

is prudent to generate information beyond crystallographic studies for a complete and rapid 

understanding of structure. 

Limited proteolysis 

Limited proteolysis coupled with domain-specific antibodies and N-terminal amino acid 

sequencing provides a powerful tool to understand details of the organization of PS To 

study the accessibility of PS I subunits to proteases, purified PS I complexes, thylakoid 

membranes or osmotically shocked cells'® are incubated with proteases at a final chlorophyll 

concentration of 200 ng /ml. The proteolysis reaction conditions for eight proteases are listed in 

Table A-1.'^ 

The PS I complexes are incubated with different concentrations of proteases, denatured 

with SDS and separated by modified Tricine-urea-SDS-PAGE. After electro-transfer, 

polyvinylidene difluoride (PVDF) membranes are stained by Coomassie Blue or 

immunodetected by three domain-specific antibodies: anti-PsaA2 against the N-terminus of 

PsaA, anti-PsaB450 against a extramembrane loop between transmembrane helix Vn and Vni, 
and anti-PsaB718 against the C-terminus of PsaB (Fig. A-2). The apparent mass of a protein 

fi^gment can be determined firom the migration of protein molecular weight standards upon 

electrophoresis. The protein firagments that are visible in CB staining and recognized by 

immunodetection, can be subjected to N-terminal amino acid sequencing. Exposed proteolysis 

sites can be located from the N-terminal sequences of proteolysis fragments, their apparent 

mass and reactivity to antibodies. 

Modification of surface-exposed residues 

To study the topography of PS I, it is important to probe the exposed protein surface by 

modification of specific residues. Two biotin derivatives can be used to modify surface-

exposed residues. N-hydroxysuccinimidobiotin (NHS-biotin) specifically reacts with the N-
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terminus and the e-amino group of lysyl residues" while biotin-maleimide (M-biotin) modifies 

the sulfhydryl groups of cysteinyl residues. Both reagents are used to study surface-exposed 

residues in the PS I complex. Purified PS I complex or PS I subunits arc biotinylated at a final 

protein concentration of 0.5 to 1.5 mg/ml under the modification conditions listed in Table A-2. 

Biotin-labeled PS I can be further used in protease treatments. The labeled PS I subunits 

are separated by Tricine-urea-SDS-PAGE and electroblotted to Immobilon-P membranes.'® 

The blot is probed with peroxidase-conjugated Avidin (Cooper Biomedical, Malvern, PA) and 

then developed with hydrogen peroxide and 4-chloro-l-naphtholi9 or with enhanced 

chemiluminescence reagents (Amersham, Arlington Heights, IL). 

Chemical cross-linking 

Chemical cross-linking can be used to investigate the interactions of PS I subunits. It can 

reveal the physical relationship between the PS I subunits. Glutaraldehyde is a bifunctional 

cross-linking reagent which reacts principally with amino group of lysyl residues,^® and is 

stored at -20°C prior to use. Purified PS I complexes at a concentration of 150 ^g 

chlorophyll/ml are treated with 15 mM glutaraldehyde (Sigma, St. Louis, MO) in the presence 

of 10 mM MOPS-HCl (pH 7.0) and 0.05% Triton X-100 for 30 minutes on ice with 

continuous shaking. The cross-linking reactions are quenched by the addition of glycine to a 

final concentration of 100 mM. Subsequently, the samples are diluted with an excess of 10 mM 

MOPS-HCl (pH 7.0), filtered using Centricon-100 (Amicon, Beverly, CA) ultrafiltration, and 

then applied for analytical gel electrophoresis. Western Blotting, and other analysis. 

Nonspecific cross-linking effects may occur at higher concentration of glutaraldehyde. The 

following cross-linked products can be found^'*^: PsaC-PsaD, PsaC-PsaE, PsaD-PsaL, PsaE-

PsaF. 

N-ethyl-l,3-[3-(diethylamino)propyl]carbodiiniide (EDC), a zero length crosslinker that 

forms a covalent bond between primary amines and carboxyls," can also be used for the 

studies on the physical relationship between the PS I subunits. Purified PS I at a final 

concentration of 2(X) ^g chlorophyll/ml is mixed well with 80 mM firesh-prepared EDC (Sigma, 

St. Louis, MO) in the presence of 20 mM HEPES, pH 7.0 and 0.05% Triton X-1(X). After 

incubation at room temperature for 60 minutes, die reaction is quenched by the addition of 1 M 

Tris-HCl, pH 7.0 to a final concentration of 200 mM at room temperature for 15 minutes. The 

following cross-linked products have been detected by Westem blotting^': PsaE-PsaF and 

PsaC-PsaD. EDC can also be used to crosslink the PsaD of Synechocystis sp. PCC 6803 PS I 

with ferredoxin.^"^ 
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Biochemical assays for Photosystem I function 

Oxygen evolution and uptake 

Photosynthetic electron transport activities are determined by the rates of oxygen evolution 

or uptake. Oxygen measurements are made on the Oxygen Monitoring System (Hansatech, 

England) at 25°C under the light density of 2430 tunol m'^ s '. Total photosynthetic activity is 

measured as oxygen evolution using whole cells (10 ng chlorophyll/ml) suspended in 40 mM 

HEPES, pH 7.0 after adding the final electron acceptor NaHCOj to the reaction mixture to a 

final concentration of 10 mM. PS I activity can be measured as the rate of oxygen uptake via 

the Mehler reaction"-^® using whole cells (in 40 mM HEPES, pH 7.0) or thylakoid membranes 

(in 10 mM MOPS) or isolated PS I complexes in (10 mM MOPS, pH 7.0, 0.05% Triton X-

100) containing 10 \ig chlorophyll in the presence of 50 ^M 3-(3,4-dichlorophenyl)-l,l-

dimethylurea (DCMU), 1 mM ascorbic acid, 1 mM 3,6-diamino durene, and 2 mM methyl 

viologen." In this reaction, PS II activity is inhibited by DCMU while ascorbate donates 

electrons to PS I via 3,6-diamino durene. Methyl viologen accepts electrons from PS I and 

donates them in turn to oxygen, thereby reducing oxygen concentration in the reaction mixture. 

After calculating the slopes of lines, the oxygen evolution or uptake rates are calibrated by 

measuring the oxygen consumption of air saturated water by sodium dithionite. 

NADP+ photoreduction 

The reductase activity of PS I can be estimated in a coupled enzyme assay that monitors 

flavodoxin-mediated or ferredoxin-mediated NADP*" photoreduction with ferredoxin:NADP* 

oxidoreductase. Isolated photosynthetic membranes at a concentration of 5 lag chlorophyll/ml 

are used for the measurement. Rates of flavodoxin-mediated NADF photoreduction are 

measured in a 3-ml volume using 15 ^iM flavodoxin in 50 mM Tricine, pH 8.0, 10 mM MgClj 

15 ^M cytochrome Cg, 6 mM sodium ascorbate, 0.05% n-dodecyl P-maltoside with 0.5 mM 

NADP* and 0.8 jiM ferredoxin: NADP* oxidoreductase. Rates of ferredoxin-mediated NADP 

photoreduction are measured under the same conditions except for the substitution of 5 |iM 

ferredoxin for 15 ^M flavodoxin. Both measurements are made by monitoring the rate of 

change in the absorption of NADPH at 340 nm (the extinction coefficient is 6.22 mM"' cm"'). 

The rates are determined using a Gary 219 or a Shunadzu 160A spectrophotometer fitted with 

appropriate nanow band and interference filters attached to the surface of the photomultiplier. 

The samples are illuminated using banks of high intensity, red light-emitting diodes (LSI, 

Hansatech Ltd.). The light intensity is saturating at the chlorophyll concentration used. In wild-
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type membranes, the rates of ferredoxin- and flavodoxin-mediated NADP* photoreduction are 

460 and 480 nmol/mg chlorophyll per hour, respectively.'® 

P700 estimation 

The estimation of P700 involves the measurement of absorption changes at 700 nm or 430 

nm induced by chemical oxidation and reduction.^®'^' A Gary 219 or a Shimadzu 160A 

spectrophotometer is used to measure the oxidized minus reduced spectra. Purified PS I 

complexes and thylakoid membranes in 10 mM MOPS, pH 7.0, 0.05% Triton X-100 are 

adjusted to 25 ng of chlorophyll/ml (giving an absorbency of about 2 at 680 nm). Two samples 

in identical cuvettes are used to record the baseUne. Then, one sample is oxidized with 

ferricyanide (1 mM) and the other is reduced with ascorbic acid (2 mM). After equilibration, a 

difference spectrum is recorded and the P700 concentration is determined using the extinction 

coefficients: 64 mM"' cm ' at 700 nm or 44 mM ' cm ' at 430 nm. 

In addition to producing an absorbance change at 700 nm, the oxidation of P700 also 

results in an absorbance increase around 820 nm.'° This absorbance increase around 820 nm 

can also be produced by the oxidation of P680. The slower P700 reduction and the faster P680 

reduction allow discrimination of the absorbance changes by using a system with time 

resolution less than 1 microsecond. The Hansatech P700* Accessory Kit can be used for P700 

estimation in isolated membranes or purified complexes by monitoring the absorbance changes 

at 820 nm by light induced P700 oxidation. 

Molecular Genetic and Biochemical Resources 

Due to its simplicity and similarity to higher plants, Synechocystis sp. PCC 6803 has been 

extensively used as a model system to study photosynthetic proteins. These studies make a rich 

resource for further studies. Many subunit-deficient PS I mutants have been developed and 

many subunit-specific even domain-specific antibodies have been raised in recent years (Table 

A-3). Finally, the completely sequenced genome of Synechocystis sp. PCC 6803 makes 

another great resource for the studies on this cyanobacterium. This achievement will great 

benefit the molecular genetics researches. The information of the genome can be easily obtained 

from the web page: http://pka3.ka2usa.or.jp/cyano/cyano.html. 

Recipient strains that lack specific photosystem I submits 

Subunit-deficient PS I mutants are made by partially or completely replacing the target gene 

with antibiotics resistance gene, or by inserting antibiotics resistance gene into the target gene 

to interrupt the target subunit (Table A-3). Traditionally, the genes were cloned by construction 

of the genomic DNA libraries and its screening using heterologous probes or labeled 

http://pka3.ka2usa.or.jp/cyano/cyano.html
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oligonucleotides. Now, with the completely sequenced genome of Synechocystis sp. PCC 

6803, the required genes can be easily cloned by amplification with PCR. For gene 

replacement, target gene is deleted by digestion and the upstream and downstream sequences 

are ligated with the antibiotics resistance gene replacing the gene under study. For gene 

interruption, the antibiotics resistance gene is introduced into a site in the target gene. 

Constructions are introduced back into Synechocystis sp. PCC 6803 genome through natural 

transformation and homologous recombination. Recipient strains are tested by PCR, southern 

blotting, northern blotting, and/or western blotting to ensure that the gene is inactivated and the 

protein is absent in the mutant strain. 

Antibodies 

Subunit-specific rabbit polyclonal antibodies have been raised using native proteins from 

polyacrylamide gel or overproduced proteins in Escherichia coli. Several domain-specific rabbit 

polyclonal antibodies in PsaA and PsaB have also been generated using overexpressed fusion 

proteins as antigens. The specificity of the antibodies is tested by western blotting using both 

isolated thylakoid membranes and purified PS I complex resoluted by electrophoresis. 
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Figure Legends 

Fig. A-1. Resolution of photosystem I. Monomeric and trimeric forms of PS I are 

resolved by sucrose-gradient ultracentrifugation (A) and the PS I subunits are separated by 

Tricine-urea-SDS-PAGE (B). PsaK2 can not be detected in the wild type PS I preparation. 

Fig. A-2. Limited proteolysis of photosystem I proteins. Purified PS I complexes 

are partially digested by different proteases and resolved by Tricine-urea-SDS-PAGE. After 

electrotransfer to PVDF membranes, protein fragments are detected by Coomassie Blue 

Staining (CB) or by immunodetection with three domain-specific antibodies against different 

regions in PsaA or PsaB. 



Table A-1. Reaction conditions of proteases treatment' 

Proteases Thermolysin Glu-C Chymotrypsin Papain Lys-C Trypsin Clostripain Pepsin 

SpeciHcity '^[VILWMF] [ElA [YFW]'^ [RKILG]'^ [KJA [KR]'^ [R]A [FLYWI]'^ 

Final protease 250ng/mg 250 ng/mg 250 ng/mg lOng/mg 250 fig/mg 250 fig/mg 250 |ig/mg 250 fig/mg 

concentration chlorophyll chlorophyll chlorophyll chlorophyll chlorophyll chlorophyll chlorophyll chlorophyll 

Proteolysis 10 mM MOPS 50 mM 50 mM Tris- 10 mM MOPS 25 mM Tris- 50 mM Tris- 20 mM Tris- 20 mM 

condition** (pH7.0); NH4HCO3 HCI (pH 8.0); (pH 7.0); HCl (pH 7.5); HCl (pH 8.0); HCl (pH 7.5); NaH2P04 

5 mM CaCl2 (pH7.8) 10 mM CaC12 0.5 mM EDTA; 1 mM EDTA 1 mM CaCl2 1 mM CaCl2; (pH4.0) 

1.5mMCySH 2mMDTT 

Incubation 3TC 15*C 25*C 25*C 37*C 37*C 37*C 37*C 

30 min 30 min 1 hr 1 hr 1 hr 1 hr 1 hr 1 hr 

Termination 20 mM 20 mM 20 mM 20 mM 20 mM 20 mM 20 mM 20 mM 

EDTA PMSF PMSF PMSF PMSF PMSF EDTA pepstatinA 

° The sources of these eight proteases are; Sequencing Grade Endoproteinase Lys-C (from Pseudomonas aeruginosa; EC 3.4.21.30), Clostripain 

(Endoproteinase Arg-C from Clostridium hislolyticunr, EC 3.4.22.8) and Modifled Trypsin (from porcine pancreas; EC 3.4.21.4) are purchased from 

Promega Biotech, Madison, WI. Papain (from Carica papaya; EC 3.4.22.2), Pepsin (from porcine stomach; EC 3.4.23.1), Sequencing Grade 

Endoproteinase Glu-C (protease V8 from Staphylococcus aureus; EC 3.4.21.19) and Chymotrypsin (from bovine pancreas; EC 3.4.21.1) are obtained from 

Boehringer Mannheim, Indianapolis, IN. Thermolysin (protease type X from Bacillus thermoproteolyticus; EC 3.4.24.4) is purchased from Sigma, St. 

Louis, MO. 

0.05% Triton X-100 is added for purified PS I complexes. 
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Table A-2. Reaction conditions for biotinylation treatment 

Modification reagent N-hydroxysuccinimidobiotin 

(NHS-biotin) 

Specificity e-amino group of lysine 

Final concentration 60 iiM 

Modification condition 10 mM MOPS (pH 7.0); 

0.05% Triton X-100 

Incubation Room temperature 

60 min in dark 

Termination 100 mM Glycine 

Biotin-maleimide 

(M-biotin) 

sulfhydryl group of cysteine 

60 nM 

10 mM MOPS (pH 7.0); 

0.05% Triton X-100 

Room temperature 

60 min in dark 

lOmMDTT 

Labeled proteins in PS I PsaAB, PsaD, PsaF, PsaL, PsaE PsaC 



Table A-3. Subunit-deficient photosystem I mutants and subunit-specific antibodies in Synechocystis sp. PCC 6803 

Subunit 

/gene 

Gene Features Subunit-specific Antibodies Subunit-deficient Mutants Subunit 

/gene Size 
(bp) 

Expre
ssion 

Location 
in genome 

Rabbit polyclonal 
antibody against 

Ref. Mutant 
Strain 

Genotype Phenotype Ref. 

PsaA 
JpsaA 

2256 with 
psaB 

941686-
943941 

overproduced fusion 
protein containing N-
terminal sequence 

a PS I-Less 3' end of psaA and 5' 
end of psaB replaced by 
Cam' 

PS I missing; no photoautotrophic 
growth 

b 

PsaB 
IpsaB 

2196 with 
psaA 

944187-
946382 

overproduced fusion 
protein containing 
an extramembrane 
sequence 

a BDK8 

AB-RCPT 

JUNl 

psaB gene partially 
replaced by Kan'; 

psaB gene partially 
replaced by Kan' 

psaB region correspond
ing to C-terminal domain 
replaced by Kan' 

PS I missing; no photoautotrophic 
growth 

PS I missing; no photoautotrophic 
growth 

PS I missing; no photoautotrophic 
growth 

c 

d 

e 

PsaC 
IpsaC 

246 Mono-
cistronic 

2287579-
2287334 

overproduced 
protein 

f CDK25 psaC interrupted by 
Kan' 

PsaC. PsaD, PsaE missing; no 
photoautotrophic growth 

g 

PsaD 
IpsaD 

426 Mono-
cistronic 

126639-
127064 

overproduced 
protein 

f ADC4 psaD replaced by Cam' no Fd-mediated electron transfer h-k 

PsaE 
IpsaE 

225 Mono-
cistronic 

1982049-
mim 

overproduced 
protein 

f AEK2 psaE replaced by Kan' reduced Fd-mediated NADF*" 
photoreduction 

k,l 

PsaF 
IpsaF 

498 With 
psaJ 

1688053-
1687556 

native protein from 
polyacryiamide gel 

m AFK6 psaF replaced by Kan'; 
psaJ transcriptionally 
inactivated 

PsaF, PsaJ missing; PsaE decreased; 
normal rate of P700 reduction by 
Cytcfi 

f.k,n 

Psal 
tpsal 

123 with 
psaL 

3458023-
3458145 

overproduced fusion 
protein 

o AIC9 psal interrupted by 
Cam' 

Psal, PsaL missing; small decrease in 

Fd-mediated NADP^ photoreduction 

o 

PsaJ 
tpsaJ 

123 with 
psaF 

1687448-
1687326 

not available AJC8 psaJ replaced by Cam' PsaF easily lost during detergent 
treatment 

m 



Table A-3. (continued) 

Subunit Gene Features Subunit-speciflc Antibodies Subunit-deficient Mutants 

/gene Size 
(bp) 

Expre
ssion 

Location 
in genome 

Rabbit polyclonal 
antibody against 

Ref. Mutant 
Strain 

Genotype Phenotype Ref. 

PsaKl 
/psaKl 

261 ND 156391-
I5665I 

native protein from 
polyacrylamide gel 

P AKIC psaK\ interrupted by 
Cam' 

P 

PsaK2 
/psaKl 

387 ND 3322763-
3322377 

AK2S psaK2 replaced by 
Spec' 

P 

PsaL 
IpsaL 

474 with 
psal 

3457459-
3457932 

native protein from 
polyacrylamide gel 

j ALC7 psaL interrupted by 
Cam' 

No PS I trimers formed k,q,r 

PsaM 
IpsaM 

96 ND 467201-
467296 

not available AMS psaM interrupted by 
Strep* 

Less PS I activity, reduced growth at 
high light intensity 

P 

® J. Sun, Q. Xu, V. P. Chitnis, P. Jin and P. R. Chitnis, J. Biol. Client. 272,21793 (1997). 

S. Boussiba and W. F. J. Vermaas, in "Research in Photosynthesis" (N. Murata, eds.), p. 429. Dordrecht: Kluwer, 1992. 

L. B. Smart and L. Mcintosh, Plant Mol. Biol. 21,177 (1993). 

L. B. Smart, P. V. Warren, J. H. Golbeck and L. Mcintosh, Proc. Natl. Acad. Sci. USA 90, 1132 (1993). 

° J. Sun and P. R. Chimis, unpublished results. 

f Q. Xu, L. Yu, V. P. Chitnis and P. R. Chitnis, J Biol Chem 269,3205 (1994). 

S L. Yu, L. B. Smart, Y. S. Jung, J. Golbeck and L. Mcintosh, Plant Mol Biol 29,331 (1995). 

P. R. Chitnis, P. A. Reilly and N. Nelson, J Biol Chem 264,18381 ( 1989). 

' Y. Cohen, V. P. Chitnis, R. Nechushtai and P. R. Chitnis, Plant Mol Biol 23,895 (1993). 

i Q. Xu, T. S. Armbrust, J. A. Guikema and P. R. Chitnis, Plant Physiol 106,1057 (1994). 

Q. Xu, Y. S. Jung, V. P. Chitnis, J. A. Guikema, J. H. Golbeck and P. R. Chitnis, J Biol Chem 269,21512 (1994). 

I P. R. Chitnis, P. A. Reilly, M. C. Miedel and N. Nelson, J. Biol. Chem. 264,18374 (1989). 

Q. Xu, W. R. Odom, J. A. Guikema, V. P. Chitnis and P. R. Chitnis. Plant Mol B/o/262,291 (1994). 

" P. R. Chitnis, D. Purvis and N. Nelson, J Biol Chem 266,20146 (1991). 

° Q. Xu, D. Hoppe, V. P. Chitnis, W. R. Odom, J. A. Guikema and P. R. Chitnis, J Biol Chem 270,16243 (1995). 

P P. Manna and P. R. Chitnis, unpublished results. 

1 V. P. Chitnis, Q. Xu, L. Yu, J. H. Golbeck, H. Nakamoto, D. L. Xie and P. R. Chitnis, J Biol Chem 268,11678 (1993). 

^ V. P. Chitnis and P. R. Chitnis, FEBS Lett 336,330 (1993). 
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B 
Subunit 

Monomeric PSl 
and PSn 

— Trimeric PSI 

Mass (kDa) 

— PsaA-B 

Apparent Predicted 

66 82.9/81.2 

J PsaD 17.7 15.6 

— PsaF 15.8 15.7 

"\psaL 14.3 16.6 

J PsaE 8.8 8.1 

•\PsaC 8.0 8.8 

- PsaK 5.1 8.6 

J Psal 
— PsaJ 

3.4 4.4 J Psal 
— PsaJ 3.0 4.5 
"^PsaM 2.8 3.4 

Fig.A-1 
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APPENDIX B. STRUCTURAL FEATURES AND ASSEMBLY OF THE 

SOLUBLE OVEREXPRESSED PS AD SUBUNIT OF PHOTOSYSTEMI 

A paper published in the Biochimica et Biophysica Acta' 

Jun Sun, Ping Jin, and Parag R. Chitnis 

Summary 

PsaD is a peripheral protein on the reducing side of photosystem I (PS I). We expressed 

the psdD gene from the thermophilic cyanobacterium Mastigocladus laminosus in Escherichia 

coli and obtained a soluble protein with a polyhistidine tag at the carboxyl terminus. The 

soluble PsaD protein was purified by Ni-affinity chromatography and had a mass of 16716 Da 

by MALDI-TOF. The N-terminal amino acid sequence of the overexpressed PsaD matched the 

N-terminal sequence of the native PsaD from M. laminosus. The soluble PsaD could assemble 

into the PsaD-less PS I. As determined by isothermal titration calorimetry, PsaD bound to PS I 

with 1.0 binding site per PS I, the binding constant of 7.7 x 10® M ', and the enthalpy change 

of -93.6 kJ/mol. This is the first time that the binding constant and binding heat have been 

determined in the assembly of any photosynthetic membrane protein. To identify the surface-

exposed domains, purified PS I complexes and overexpressed PsaD were treated with N-

hydroxysuccinimidobiotin (NHS-biotin) and biotin-maleimide, and the biotinylated residues 

were mapped. The Cys®®, Lys^', Arg"®, and Arg'" residues were exposed on the surface of 

soluble PsaD whereas the Lys'*' and Lys'^' residues were not exposed on the surface. 

Consistent with the X-ray crystallographic studies on PS I, circular dichroism spectroscopy 

revealed that PsaD contains a small proportion of a-helical conformation. 

' Reprinted with permission of the Biochimica et Biophysica Acta, 1410,7-18 (1999) 
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APPENDIX C. ACCUMULATION OF THE PHOTOS YSTEM I COMPLEX 

IN SYNECHOCYSTIS SP. PCC 6803 

A paper to be submitted to the Plant Molecular Biology 

Jun Sun and Parag R. Chitnis 

Summary 

We investigated some factors that regulate the abundance of the photosystem I (PSI) 

complex in the cyanobacterium Synechocystis sp. PCC 6803. We generated recombinant DNA 

constructs containing thepsaB gene and its 3'-untranslated region with or without insertion of 

a chloramphenicol-resistance cassette. These constructs were introduced into the wild type and 

two PSI-less recipient strains that contained deletion of the psaB gene. These D and L PSI-less 

strains were generated and maintained under dark or low-light heterotrophic growth conditions, 

respectively. Characterization of the resulting transformant strains indicated that the insertion of 

the chloramphenicol-resistance cassette immediately after the stop codon of the psaB gene 

decreased the level of PSI in the membranes by reducing the level of psaB transcripts. 

Transformants from various recipient strains contained different levels of PSI proteins. The 

PSI proteins degraded faster in the transformant strains from the D and L recipient background 

than those from the wild type background, suggesting changes in the mechanism or machinery 

of protein degradation in the PSI-less recipient strains. The hght intensity also affected the 

accumulation of PSI possibly through changes in chlorophyll biosynthesis. These results 

demonstrated that the steady state level of PSI in cyanobacterial membranes is regulated by 

multiple factors. 
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