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Abstract

Photosynthetic complex assembly within the plastid is a blossoming field as science
uncovers additional requirements and levels of regulation in the production of these
protein complexes. Using both forward and reverse genetics, our lab has revealed two
new players in the assembly of Photosystem II and the b¢f complex. The first of these
factors is LTO1, identified as the thiol oxidant for the production of a disulfide bond
within PsbO, a PSII luminal protein. The second is an OPR protein with a novel role in
the attachment of heme to cytochrome f of the b¢f complex. The presence of these
assembly factors opens exciting new doors in the possibilities of plastid b, as

demonstrated by our relocation of the nuclear ARGY gene into the plastid genome.
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Chapter 1: Introduction

1. Photosynthesis Overview

The chloroplast is known to contain some of the most crucial proteins for life on
Earth as we know it. Assembled in the thylakoid membrane itself are Photosystem II
(PSII), the bef complex, Photosystem I (PSI) and ATP synthase. These complexes,
through the process of oxygenic photosynthesis, are necessary for the creation of
chemical energy necessary for growth from air and water. Photosystems I and II capture
light through chlorophyll and other pigments. PSII then uses this light energy to extract
two electrons from water, producing oxygen as an unwanted byproduct. In addition to
the hydrogen ions produced from this reaction, both photosystems use these excited
electrons to aid in creating an electrochemical gradient and reducing equivalents for the
cell to use in the production of ATP or as reducing agents. The b¢f complex uses the light
energy from PSII to pump protons into the lumen of the chloroplast. The resulting
electrochemical gradient is used by ATP synthase to generate ATP for the cell's use, while
the excess oxygen is released into the atmosphere, creating the aerobic conditions favored
by multicellular life.

This side reaction occurs because the ultimate electron donor in oxygenic
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photosynthesis comes from H>O. This causes the splitting of water into its component
elements: H™ and oxygen. The manganese cluster, found at the center of PSII, extracts
these electrons, which then reduce an essential tyrosine found in the D1 subunit of PSII.
The tyrosine then passes on the electrons to the core chlorophylls of PSII, termed P680.
Upon excitation by energy that ultimately comes from light, the electron is then passed

on from quinol A (Q4) to quinol B (Qg) within PSII to generate reduced plastoquinol

(PQH>).

ADP +Pi

MNADP*

Xhu
\I‘m i
STROMA ¥,

COOEeeEg - S

P s s . : Cythyf BN
LUMEN 1

H,0  2H'+%0, M M

Figure 1 - Schemata of Oxygenic Photosynthesis from (Remacle, 2012).

The membrane soluble molecule, PQ, then transports this excited electron to the
be¢f complex, which uses the energy of the electron to help pump a variable number of
protons into the chloroplast lumen. From there, the spent electron is passed on to the
soluble luminal protein plastocyanin (PC). PC then moves to PSI, which, through a
series of additional reactions, ultimately reduces NADP" (See Figure 1).

Assembly and maintenance of these intricate complexes requires the coordination

of both nuclear and plastid gene transcription and translation, cofactor production, protein
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and co-factor transport, post-translational modifications and assembly of not just
monomeric complexes, but hetero-multimeric photosynthetic complexes. This text will
focus on the translation and assembly of two crucial proteins: the nuclear encoded PsbO,
required for the stable splitting of water as a protector of PSII's Oxygen Evolving
Complex (OEC) and the plastid encoded cytochrome f, one of three catalytic proteins in
the bgf complex characterized by its covalently attached heme moiety. Following the
traditional Z scheme of photosynthesis, this text will look first at the core subunits of
Photosystem II, following them from translation to assembly. It will then turn to the
factors involved in the second complex of the Z scheme: cytochrome f translation and
assembly. The focus will be on the assembly of these complexes in plants and green
algae, with some discussion of the conundrums regarding research in cyanobacteria.
Finally, a short conclusion will follow, considering the implications of these processes for
the potential use of the chloroplast for bioengineering purposes.

2. PSII Components

Photosystem II is a multisubunit complex that tends to prefer a dimer configuration
(Boekema et al., 1995). These subunits are encoded by both nuclear and chloroplastic
genes, which are inserted into or transported across the thylakoid membrane by a variety
of pathways. These include the signal recognition particle (SRP) pathway, which can
work independently or in conjunction with the secretory (Sec) pathway, and the twin-
arginine translocase (Tat) pathway (Aldridge et al., 2009). The Sec pathway transports
unfolded proteins into the using ATP as the driving force, while the Tat pathway utilizes
the proton motive force to transport appropriately folded proteins. Both of these

pathways will become important in our discussion of PSII assembly later in this
3



dissertation.
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Figure 2 — Stepwise Assembly of PSII from (Nixon et al., 2010) Depiction of the
stepwise assembly as it is now known in cyanobacteria. This process has thus far been
confirmed in plants, barring the fact that pD1 is processed in one step, SCPs have yet to
be identified in plants and PsbU and PsbV are replaced by PsbP and PsbQ, respectively

One monomer of PSII includes the Reaction Center (RC) heterodimer: D2 and
D1, encoded by the plastid genes psbA, and psbD. The proteins D1 and D2 bind the
redox active cofactors, including the two critical P700 chlorophylls, two pheophytins and
one non-heme iron. CP47 and CP43, encoded respectively by the plastid genes psbB and
psbC, are the core antenna proteins. Flanking D1 and D2, they function in light capture
and aid in stabilizing the redox active cofactors. In addition, the plastid encoded
cytochrome bss9 and Psbl complete the core of a PSII monomer (Nixon et al., 2010).
This core is supported by a number of small subunits (PsbE-M, PsbR-T, PsbW-Z, etc.)

(Shi et al., 2012). Surrounding this Reaction Center Core (RCC) are the light harvesting



complexes (LHC), which expand the surface area of the complex, increasing light
capture.

On the lumenal side of the membrane, the nuclear encoded PsbO aids in binding
the manganese (Mn) cluster, which is composed of four manganese, one calcium and one
chloride ions (Becker et al., 2011). In eukaryotes, PsbO associates with two additional
nuclear encoded, soluble lumenal proteins: PsbP and PsbQ. Together, these three proteins
compose a 'lumenal cap' for PSII and the manganese cluster (Bricker and Frankel, 2011;
Bricker et al., 2011). Interestingly, the roles of PsbP and PsbQ seem to be filled by the
non-orthologous proteins PsbU and PsbV in cyanobacteria (Seidler, 1996). Meanwhile,
evidence suggests that cyanobacteria use PsbP-like and PsbQ-like proteins during PSII
assembly (Ifuku et al., 2011). This is but one example of many demonstrating the
difference between cyanobacterial and eukaryotic PSII, a trend that casts doubt on the
appropriateness of using Synechocystis and other cyanobacteria as systems for identifying
assembly factors that can be correlated to plastids. This dissertation will therefore
attempt to keep the two systems separate, focusing on the factors identified or confirmed
in plastids and making note of a few exciting bacterial genes whose functional
counterparts in eukaryotes have not yet been identified.

2.1 PSII Assembly

One aspect of assembly that appears to be conserved from cyanobacteria to plants
is the finding that the RCC is assembled in a stepwise manner (Plucken et al., 2002;
Boehm et al., 2011), beginning with the insertion of cyt bss9 and D2 into the membrane.
This is followed progressively by attachment of D1, CP47 and finally CP43. The DI

protein is translated with a precursor (pD1) on its c-terminus, which is cleaved by CtpA
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(carboxyl-terminal processing protease A) (Anbudurai et al., 1994; Inagaki et al., 1996)
as CP47 is added (See Figure 2).

After assembly of the transmembrane components of the RCC, the manganese
cluster is assembled. Modeling of crystal structures from Synechocystis complexes show
that additions of CP47 and CP43 leave an opening in the RCC. Mn ions are added within
this opening in a stepwise process. An initial Mn atom is added, and the others follow in
a light-dependent succession via a process called photoactivation (Burnap, 2004; Becker
et al.,, 2011). The addition of PsbO then sterically blocks this site, effectively covering
the Mn cluster. Further modeling suggests that PsbP and PsbQ (or PsbU and PsbV in
cyanobacteria) then assemble adjacent to PsbO (Calderone et al., 2003; Ifuku et al., 2004;
Balsera et al., 2005; Nield and Barber, 2006; Barber, 2008; Michoux et al., 2012).

As the location for light capture and water splitting, the PSII complex is
particularly sensitive to damage from Reactive Oxygen Species (ROS). The DI protein
takes the brunt of this damage, and so turnover of the D1 protein is higher than the rest of
the complex (Aro et al., 1993a; Aro et al., 1993b; Andersson et al., 2004). To avoid
rebuilding the entire PSII complex every time the D1 protein is damaged, cyanobacteria,
plants and eukaryotic algae can specifically replace this protein within the RCC
(Takahashi and Badger, 2010; Komenda et al., 2012). As such, one of the challenges in
the study of PSII biogenesis is distinguishing between assembly factors and repair
factors. Assembly factors are involved in the de novo production and assembly of PSII
complexes while repair factors are involved in the removal of damaged proteins and
coordinating the insertion of a new D1 protein into an assembled complex. This text will

attempt to focus on assembly factors, where the current state of research allows, though
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the reader should understand that some of these factors may have dual functions that are
inexorably intertwined with both processes. An assembly factor mutant is defined by the
slowed production of or incomplete production of wild type complexes while
transcription and translation are not. On the other hand, repair factor mutants have
completely assembled complexes, but damaged complexes accumulate.

2.2D2

To produce the PSII center, the first protein that must be produced is cytochrome
bss9 (composed of two peptides translated from the typically plastid genes psbE and
psbF) and D2 (Rochaix, 2012). While cyt bsso does not appear to be essential for the
primary charge separation, its production is nonetheless necessary for PSII accumulation.
These two subunits are generally encoded by a psbE-F-J-I operon in the chloroplast of
plants, while these genes are encoded separately in other organisms, such as the green

alga Chlamydomonas reinhardtii (Martin et al., 2002; Merchant et al., 2007).

HCF136

RC > RC47 >RCC

D1 p LPA2
LPA3
/ LPA1
HCF243
pD1 p

Psb27-H2

Figure 3 - Placement of Known PSII Assembly Factors in Arabidopsis The placement
of various PSII assembly factors via phenotypic and protein-protein interaction data.



2.2.1 HCF136 - Arabidopsis D2 Assembly Factor

In this stepwise process, D2 is then produced. One gene implicated in D2
assembly is HCF136 (high chlorophyll fluorescence). The Acf mutants are defined by
increased chlorophyll autofluorescence as compared to wildtype plants. Arabidopsis
hef136 mutants pale on exposure to even low light (20-50 pmol/m%/s), suggesting
photooxidative damage (Meurer et al., 1998). Spectroscopic data indicates that PSII is
completely inactive in this mutant and BN-PAGE shows the complete lack of PSII
assembly. Furthermore, the thylakoid architecture is strikingly altered, being dominated
by tightly packed grana. Comparing the behavior of 4cf136 with three other 4cf mutants
(hcefl173, hef154 and hef107) affected at various levels for PSII accumulation, (Plucken et
al., 2002) showed that at 50-70 pmol/m?%s there is a general trend for reduced
accumulation of PSI as a secondary effect of these mutations. This down accumulation
compared to wild type is less drastic at 2-5 pmol/m?/s, but still evident (Plucken et al.,
2002). The reader might wish to take note of this phenotype - that of PSI down
accumulation - because it is a recurring theme in PSII assembly mutants.The interrupted
nuclear gene in the Acf136 mutant encodes for a protein predicted to be 403 amino acids
long. Immunoblot with protein specific antibodies reveals its size to be around 37kDa. A
homolog in Synechocystis, S1r2034, is encoded just prior to the psbE-F-J-I operon,
emphasizing the gene’s potential role in photosynthesis. Sub-organellar fractionation
identified the protein in the stroma thylakoids and as the hydropathy plot predicted, it was
easily removed by carbonate extraction, indicating a loose membrane association.
Further thermolysin treatment of extracted thylakoids indicate that the protein is

protected within the lumen, as predicted by the presence of a bipartite lumenal targeting
8



sequence (Meurer et al., 1998).

The primary defect of hcf136 appears to be in PSII assembly or stability, since
accumulation of all proteins is equally down by immunoblot analysis, but translation is
not obviously altered or inhibited by pulse labeling (Meurer et al., 1998). Investigating
[35S]methionine incorporation into PSII, (Plucken et al., 2002) found that incorporation
of radio-labeled protein into PSII dimers, monomers and PSII assembly sub-complexes
was greatly reduced in these mutants, while unassembled CP47, CP43, D2 and D1
accumulated as free protein, indicating the block is a result of slowed assembly. Since
this mutant is also missing a PSII assembly sub-complex, composed of cyt bsso, D1 and
D2, which is formed in mutants deficient for the transcription of CP47, it indicates that
HCF136 acts prior to or during the association of D1 and D2. Furthermore, during pulse-
chase in the mutant, free D1 protein was lost, but some radiolabel appeared in a 290kDa
of aggregated D1, suggesting D1 stability was not the primary defect. These results place
HCF136 in an assembly role between D2 translation and the association of D1 and D2.

Protein-protein interaction experiments confirm this role. Using a HCF136-
Protein A construct, (Plucken et al., 2002) identified HCF136 as a free protein, but also in
several complexes from 70 to 200 kDa. The sizes of these complexes correspond to PSII
dimers, monomers and PSII assembly sub-complexes containing D2. Pull-downs using
HCF136-Protein A revealed interactions with D2 and cyt bsso (Plucken et al., 2002) but
not D1. This data places HCF136 early in PSII assembly, perhaps in the role of initiating
the association of D2 with cyt bsso.

Some final attributes of HCF136 that support its role in PSII assembly include its

expression in etiolated seedlings and up regulation upon light exposure. This mimics the
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expression behavior of the luminal PSII component, PsbO, indicating that HCF136 is
expressed under the same conditions that PSII assembly is occurring (Meurer et al.,
1998). In addition, HCF136 was shown to be imported into the chloroplast lumen via the
Tat pathway in pea chloroplasts (Hynds et al., 2000). The proposed placement of
HCF136 in the stepwise assembly of the RCC can be seen in Figure 3.

2.2.2 YCF48 - Synechocystis ortholog of HCF136

Noticeably, there is no twin arginine motif on cyanobacteria orthologs of
HCF136, so it is likely to be directed to the thylakoid membrane by some other pathway.
In fact, Synechocystis strains mutant for the ortholog of HCF136, YCF48 (encoded by
slr2034), do not display the same phenotype as hcf136 Arabidopsis mutants. YCF48 is
not essential for the photosynthetic growth of Synechocystis, and therefore must not be
absolutely essential for PSII assembly.

Like hcf136 Arabidopsis mutants, ycf48 deletion mutants did not produce PSII at
the same levels as wild type. The basis for this down accumulation appears to be the rate
of assembly, as all of the PSII reaction center components accumulate as free protein, as
indicated by 2D gel analysis. Furthermore, YCF48 is similar enough to HCF136 that
antibodies produced against Arabidopsis HCF136 recognized the presence of YCF48 in a
PSII assembly intermediate. This intermediate complex was composed of cyt bssg, D2
and, unlike what was seen in Arabidopsis, D1. Confirmation that YCF48 was part of this
assembly sub-complex was obtained by the absence of this complex in a cyt bss9 mutant,
which does not produce the RC intermediate, and its continued presence in a CP47
mutant which does (Komenda et al., 2008).

Upon examining the maturation of D1 in these ycf48 mutants, they found that not
10



only was pD1 still processed as in wild type, but also that the mutant under accumulated
D1 precursors, over accumulated the processed D1 protein and over produced the psaD
mRNA as compared to the wild type. This indicates that there is a bottleneck just past the
point of pD1 processing in the mutants. By Yeast-2-Hybrid, they found that YCF48
interacts with pD1 but not mature D1, D2 or CtpA, the enzyme involved in removing the
D1 precursor. This is contrary to evidence in Arabidopsis, where HCF136 interacted
with D2. Furthermore, the authors found that the absence of YCF48 altered D1 repair in
damaged complexes, making YCF48 an example of a protein that is required for both
assembly and repair of PSII. These differences suggest that either the role or primary
protein associations of HCF136 may have altered slightly during the evolution of the
plastid (Komenda et al., 2008).

2.3DI1

The maturation of the D1 protein has been extensively studied in Synechocystis.
Unfortunately, while the D1 protein itself is conserved in plants and eukaryotic algae,
data such as that presented for YCF48 suggests that the maturation pathways were not
conserved upon endosymbiosis. The author of this dissertation suggests that this could be
a result of the unpredictable nature of gene transfer to the nucleus of the endosymbiotic
host. This could lead to evolution favoring factors that were transferred to the nucleus at
earlier time points and adaptive radiation of those factors that were nuclear encoded and
targeted to the chloroplast, as seen in some factors, such as PsbP, described later in this
text.

As mentioned earlier, it does appear that the basic process of D1 maturation is

conserved. The D1 protein has been shown to be inserted into the thylakoid membrane of
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co-transcriptionally via the chloroplast SecY pathway (Zhang et al., 2001), perhaps
targeted or aided during transcription by chloroplast SRP54 (Nilsson and van Wijk,
2002). After insertion into the membrane, the precursor of D1 (pD1) is cleaved by the
CtpA protease. This must happen for both de novo assembly and during PSII repair
(Sakamoto, 2006). Unlike Synechocystis, which absolutely requires CtpA for maturation
of the D1 protein and addition of the manganese cluster, and so for photosynthetic growth
(Roose and Pakrasi, 2004), a T-DNA insertion into the major CtpA ortholog is not greatly
detrimental to photosynthetic growth in Arabidopsis (Yin et al., 2008). Yin and
colleagues note that there are two additional isoforms of CtpA encoded by the nuclear
genome of Arabidopsis which may have partially overlapping function (Sakamoto, 2006;
Kato et al., 2009; Kato and Sakamoto, 2009; Kato et al., 2010).

Currently, five proteins have been implicated in the assembly of the D1 protein in
Arabidopsis: ALBINO3 (ALB3), Low PSII Accumulation 1 (LPA1), Photosynthesis
Affected Mutant 68 (PAMG68), High Chlorophyll Fluorescence 243 (HCF243) and
PSB27-H2. All of these proteins have been shown to have an interaction with either pD1,
D1 or both (See Table 1). Furthermore, ALB3, LPA1 and PAM68 also interact with one
another (See Table 2). Of these three, ALB3 is the most investigated, although it perhaps
has the most contentious role in PSII assembly.

2.3.1 ALB3 - Arabidopsis Insertase

ALB3 is necessary for the co-translational insertion of D1 into the thylakoid
membrane (Woolhead et al., 2001). ALB3 is an ortholog of YidC and Oxalp (Sundberg
et al., 1997) and in addition to its potential role in D1 assembly, it has been shown to

integrate LHC into the thylakoid membrane (Woolhead et al., 2001; Bellafiore et al.,
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2002) and to interact with the chloroplast SECY translocase (Pasch et al., 2005). The
YidC/Oxalp/ALB3 family is involved in the insertion of proteins into redox active
membranes. YidC is found in bacteria and acts either separately or in coordination with
the bacterial Sec-YEG translocon (Samuelson et al., 2000; Samuelson et al., 2001; Chen
et al., 2002) to integrate proteins into the cytoplasmic membrane. Likewise, Oxalp
works to insert proteins into the inner mitochondrial membrane (Bonnefoy et al., 1994;
Hell et al., 2001). Confirming its ability to act as an insertase, ALB3 complements a
bacterial YidC mutant (Jiang et al., 2002). The motifs in these proteins can be seen in

Figure 4.

Interestingly, ALB3 appears to be specifically essential for integration of the LHC
proteins in Arabidopsis, as antibodies against ALB3 inhibit LHC integration into the
thylakoid while the Sec and ApH pathways were unaffected (Moore et al., 2000).
Furthermore, ALB3 can apparently integrate LHC3 without the help of SECY (Mori et
al., 1999). And yet, ALB3 and SECY proteins have been shown to work together at other
times, as (Klostermann et al., 2002) showed that ALB3 and SECY are both found in
complexes of approximately 160-200 kDa during gel-filtration analysis and blue native
gel electrophoresis. Interestingly, blue native gel analysis identified both of these
proteins in at least five additional higher molecular weight complexes up to 700 kDa.
These two proteins also co-immunoprecipitiate and double immunogold labeling places
them side by side at the thylakoid membrane. While nearly all of the SecY was
associated with ALB3 in these immunogold experiments, ALB3 could be found separate
from SecY. Finally, Klostermann and colleagues confirmed this association using

chemical cross-linking. So the question arises: are the protein associations seen with
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ALB3 a result of its insertase role, or does it have an additional role in D1 assembly?
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Figure 4 — D1 Assembly Protein Motifs

Arranged by relatedness as predicted by MAFFT. At, Arabidopsis thaliana, Gm, Glycine
max, Pt, Populus trichocarpa, Vv, Vitis vinifera, Syn, Synnechocystis PCC 6803, Rec,
Ricinus communis

2.3.2 ALB3.2 - Chlamydomonas ortholog of Arabidopsis ALB3

Work in Chlamydomonas would suggest that it could have this additional role.
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There are two isoforms of ALB3 in Chlamydomonas. ALB3.1 has been implicated in the
assembly of the PSII LHC (Ossenbuhl et al., 2004) while ALB3.2 has been shown to
interact with D1, among other proteins (Gohre et al., 2006). ALB3.2 is localized to the
thylakoid membrane and sucrose density centrifugation identified it in two high
molecular weight complexes of 300 and 650kDa. This distribution is very similar to
ALB3.1 and blue native gels reveal that these two complexes correspond to the PSII
monomers and dimers, as identified by immunoblotting with D2 antibodies and their
absence in the PSII-deficient FuD7 mutant.

To examine the regulation of this protein in relation to photosynthetic complex
assembly, the authors looked at ALB3.2 accumulation in a mutant that is deficient for
light-independent chlorophyll biosynthesis.  Similar to etoliated seedlings, these
chlorophyll biosynthetic mutants must be exposed to light for the accumulation of the
two photosystems. ALB3.2 expression was not noticeably altered in this mutant, and so
its regulation either does not parallel that of photosystem assembly or is uncoupled from
the regulation system in these mutants.

To test for ALB3.2 interaction partners within the photosystems, co-
immunoprecipitations were performed. These experiments revealed interactions with
ALB3.1, DI, D2, PsaA and VIPP1 (vesicle inducing protein in plastids 1). VIPPI has
been identified as a primary player in thylakoid membrane formation and implicated in
the assembly of the photosynthetic complexes (Kroll et al., 2001), yet there was no
interaction found between ALB3.2 and two partners of VIPP1, HSP70B or CDJ2. This
supports a growing body of literature that VIPP1 may be involved in the assembly of the

photosystems.
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A third ALB3.2 containing complex was also identified via BN-PAGE and most
likely corresponds to PSI-LHC, as identified by PsaA immunoblot and the absence of this
complex in the PSI-deficient mutant /'/5. Furthermore, a subcomplex is accumulated in
the alb3.2 mutant that corresponds to PSI without LHC association. This indicates an
additional role for ALB3.2 in LCH maturation and/or association with the photosynthetic
complexes. Finally, it should be noted that neither of the assembly factors SRP54 nor
SECY was identified, nor was ALB3.2 found to be associated with polysomes. This
indicates that ALB3.2 is not involved in regulating translation via the polysomes or the
SECY pathway. This supports the hypothesis that ALB3 may have roles in addition to its
interaction with SECY in Arabidopsis.

To look more specifically at the interaction with D1 and D2, the authors next
produced an RNAI line against ALB3.2. Knockdowns below 50% wild type levels of
transcript appeared to be lethal, indicating the essential nature of this transcript. In lines
that survived, levels of D1 and D2 were reduced by as much as 75%, while CP43 and
PSII-LCH were less affected. The levels of other complexes did not appear to be altered.
Interestingly, VIPP1, HSP70 and CDJ2 protein levels were up, indicating an up
regulation of this assembly pathway when ALB3.2 levels are decreased.

Unfortunately, ALB3.2 is not the only ortholog of ALB3 involved in
Chlamydomonas PSII assembly. ALB3.1 has also been identified as being involved in
the assembly of the LHC-PSII in Chlamydomonas while a second homolog in
Arabidopsis, ALB4, has been implicated in the assembly of the plastidic ATP synthase
(Gerdes et al., 2006; Benz et al., 2009). This makes any direct comparison to Arabidopsis

PSII assembly unreliable. In contrast to alb3.2, alb3.1 Chlamydomonas mutants do not
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have altered D1 integration into the thylakoid membrane (Ossenbuhl et al., 2004). It
therefore remains to be seen whether or not ALB3 or ALB4 in Arabidopsis has a dual
role.

2.3.3 LPA1 - Arabidopsis D1 Assembly Factor

Shown to interact with both D1 and ALB3, a factor identified specifically as a D1
chaperone in Arabidopsis is LPA1 (or At1g02910). This protein was identified by (Peng
et al., 2006) through the /pal mutant, which is deficient in PSII accumulation and has
reduced growth on soil as compared to the wild type. In this mutant, the translation of
D1 and D2 are down as determined by pulse labeling while turnover of D1, D2, CP43
and CP47 is increased as determined by pulse-chase. This results in a decreased
accumulation of all four of these RCC proteins in the mutant, especially in the PSII
dimer. The mutant also demonstrates the secondary characteristics of plants with PSII
defects described earlier: PSI is down and the mutant's chloroplasts are smaller as viewed
by electron microscropy (EM). While investigating PAMG68, another protein implicated
in PSII assembly, the Liester lab noted that a /pal mutant has a decrease in the ratio of
PSII supercomplexes to dimer and monomer formations, that the turnover of the dimer is
slower than in the wild type, and that D1 and D2 subunits are translated but remain
unassembled (Armbruster et al., 2012). Together, this over accumulation of subunits
indicates a block at the post-translational level that results in feedback inhibition (or
enhancer suppression) of translation as indicated by the reduced translation of the D1 and
D2 subunits.

The LPAI gene itself encodes a 453 amino acid long protein, calculated to be 50

kDa, that accumulates in the chloroplast (Peng et al., 2006). It has two predicted TPR
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(tetratricopeptide repeat) motifs, indicating a role in protein-protein interactions, and two
predicted two trans-membrane domains. Primary sequence homology searches in 2012
indicate that there are orthologs in green plants and algae. Notably, REP27, a protein
involved in D1 repair in Chlamydomonas (Park et al., 2007; Dewez et al., 2009), has
significant homology and similar domain architecture. Because of this, the role of LPA1
as an assembly factor and/or repair factor must be clarified, although it is likely to be
involved in both processes.

2.3.4 PAMG68 - Arabidopsis PSI1 Assembly Factor

Evidence that LPA1 interacts specifically with D1 came from the Liester lab as
they worked with the Arabidopsis protein PAM68, one of two homologs in Arabidoposis
that have a loose primary sequence similarity to S110935 in Synechocystis (Armbruster et
al., 2012). Like /pal mutants, the pam68 mutant has decreased chlorophyll fluorescence
and decreased levels of the reaction center core subunits. Transcription and polysome
association of the D1 transcript appears unaffected, but pD1 and D2 turnover is very high
in the mutant, as determined by pulse-chase analysis and the half life of D1 is particularly
affected. There is also an increase in the amount of pD1 in relation to mature DI,
indicating that the mutant is deficient in pD1 processing. Unlike what is seen in the lpal
mutant, while all RC complex subunits are down to at least 20% of wild type by blue
native and 2D gel, the proportion of RC complexes in the dimer configuration has
increased in the mutants when compared to wild type (Armbruster et al., 2012). Taken
together, this data places PAM68 in a pD1 maturation role, perhaps with the additional
function of stabilizing PSII monomers, although we will see as this dissertation

progresses that its role may be much more complex than this.
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PAMBG6S itself is a thylakoid transmembrane protein with its amino-terminus acidic
domain exposed to the stroma. Yeast-2-Hybrid experiments suggest that the amino-
terminus of PAMG68 interacts with Psbl while trans-membrane I interacts with D2, LPA1
and ALB3. Transmembrane I also interacts with another small subunit of PSII, PsbH,
and LPA2, a factor proposed to aid in the assembly of CP43. Furthermore, the full-length
protein appears to interact with CP47 and HCF136. With this association data, the
authors propose that perhaps PAM68 is working with LPA1 to mature the pD1 protein
(Armbruster et al.,, 2012). The finding that PAM68 interacts with so many proteins
associated with PSII places it in a key position during the assembly process and suggests
additional roles for this protein. One possibility is that PAMG68 facilitates the interaction
between the ALB3/Sec pathway and specific PSII proteins and assembly factors,
localizing this insertion in the area of incomplete RCCs, although this remains to be
tested.

As mentioned earlier, a PAM68-like protein called S110935 is present, but poorly
conserved from Synechocystis to Arabidopsis. In particular, the Synechocystis ortholog is
missing its acidic domain. Accordingly, these pam68-like mutants do not have the same
phenotype as Arabidopsis pam68 mutants: photoautotrophic growth, photosynthesis and
formation of WT levels of PSII appear to be unaffected when compared to wild type.
Strangely, early PSII assembly intermediates are absent in the mutant by 2D/BN-PAGE,
suggesting either that they are more labile or that PAMG68-like stabilizes these sub-
complexes. Further evidence that S110935 is part of these early assembly intermediates
comes from immunoblot against the PAM68-like protein, which reveals the presence of

this protein at the same size as the early complexes in wild type extractions (Armbruster
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et al., 2012). Interestingly, the MEME program (Bailey and Elkan, 1994) indicates that
the PAM68-like domain of S110935 is more similar to a second PAM68 homolog in
Arabidopsis (Figure 3). It will be enlightening to uncover the role of this second
homolog in Arabidopsis, as perhaps its phenotype will more closely resemble the s//0935
Synechocystis mutant.

2.3.5 Psb27-H2 - Arabidopsis pD1 Assembly Factor

Psb27-H2 was originally identified by Wei as the Arabidopsis mutant [pal9 (Wei
et al., 2010). These mutants have reduced growth, especially under high light conditions,
and a PSII defect. Identification of the molecular lesion revealed that LPA19 is an
ortholog of Synechocystis Psb27, which is described later in this dissertation as possibly
having a role in assembly of the Mn cluster. This is the second Psb27 ortholog identified
in Arabidopsis, so to avoid confusion, the authors renamed the previous Psb27 homolog
as Psb27-H1 and gave LPA19 the label Psb27-H2. The authors note that Psb27-H1 and
Psb27-H2 appear to have distinct roles in Arabidopsis, with Psb27-H1 being involved in
PSII repair and Psb27-H2 in PSII assembly (Wei et al., 2010).

Contrary to some results in Synechocystis, Wei and colleagues found reduced
accumulation of the PSII core complex proteins in the psb27-h2 mutants and delays in the
maturation of D1 as identified by pulse labeling. Immunoblot identified Psb27-H2 as
part of monomeric PSII complexes and subcellular fractionation identified PSB27-H2 as
a thylakoid lumen protein whose association with the membrane could be disrupted by
the addition of CaCl, but not NaCl. To determine interaction partners, co-
immunoprecipitation revealed that PSB27-H2 interacts with pD1 and D1 while Yeast-2-

Hybrid results suggest that this interaction is specifically with pD1 and the carboxy-
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terminus of mature D1. This data places PSB27-H2 as part of pD1 processing. Although
its exact role is still unknown, one possibility based on data from Syrechocystis (Liu et
al., 2011b; Liu et al., 2011a) is that it recruits CtpA to the pD1 processing site. It would
therefore be interesting to uncover the phenotype of a ctpA psb27-h2 double mutant in
Arabidopsis, as we might expect an epistatic interaction.

2.3.6 HCF243 - Arabidopsis D1 Assembly Factor

Recently, a new potential D1 assembly factor, HCF243, has been identified in
Arabidopsis (Zhang et al., 2011). The Chen lab identified the icf243 mutant by its high
chlorophyll fluorescence phenotype and found the affected gene to be Ar3g15095.
Searches based on primary sequence homology revealed no orthologs in non-vascular
plants or cyanobacteria. Even within angiosperms, the primary sequence is highly
variable and exhibits no known functional domain. Immunoblot revealed the presence of
HCF243 within the thylakoid fraction. This association is only disrupted by the addition
of urea, indicating an intrinsic membrane protein.

Further characterization of this mutant via noninvasive fluorometry indicated
defects in energy transfer within PSII. Meanwhile, BN page analysis revealed a complete
lack of PSII super-complexes and down accumulation of PSII monomers and
immunoblot showed reduced accumulation of D2, D1, CP43 and CP47 proteins. The
incorporation of proteins into the few PSII complexes that are produced is constant but
slowed. While the authors did not specifically look at pD1, their pulse analysis shows no

extreme aberration in its processing (Zhang et al., 2011).
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Figure 5 — CP43 Assembly Factors and Other Proteins

PCC 7424

Investigating the reasons for this down accumulation, it was shown that
transcription and polysome association of the mRNA corresponding to these proteins was

unaltered in the mutant, but incorporation of [35S]methionine into D2 and D1 was
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reduced. In addition to this down accumulation, pulse-chase indicates an increased
degradation rate of these two proteins. The authors do not mention a quantification of
this turnover, but suggest that it may not be sufficient to explain the extent of the down
accumulation (Zhang et al., 2011).

As D1 was more strongly affected than D2, the authors examined the association
between the two using BiFC. These experiments indicated an association of the amino-
terminus of HCF243 with D1 within the chloroplast of N. benthamiana. This interaction
was supported via pull-down assays, showing that HCF243 could pull-down the D1
protein but not CP47 (Zhang et al., 2011). Further characterization of this protein must
be completed before its function is determined, but its identifiable presence in vascular
plants, its stretches of amino acid repeats, and its lack of identifiable functional domains
suggest a role in protein-protein interactions.

2.4 CP43

The addition of CP47 must occur before CP43 completes the large
transmembrane components of the RCC. As pDI1 is processed, CP47 is added to the
complex. Assembly factors involved in the specific assembly of CP47 are also as yet
few, although an interaction has been demonstrated with PAM68 and a distinct sub-
complex including cyt bssg, D2, Psbl, D1 and CP47 (often referred to as RC47) can be
identified in cyanobacteria and plants (Boehm et al., 2011). Small chlorophyll binding
proteins (SCPs) have also been identified as interacting with CP47 in Synechocystis, but
no primary sequence has been identified in plants (Promnares et al., 2006). It has been
suggested that early light induced proteins (ELIPs) may be full-filling this role, but

experimental evidence for this is largely absent from the literature (Mulo et al., 2008).
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After CP47 is added, the assembly of CP43 is coordinated by several proteins. Following
the trend seen with HCF243, these assembly factors do not display primary sequence
conservation when compared to Synechocystis. The arrangement of the motifs found in
these assembly factors can be seen in Figure 5.

2.4.1 LPA2 and LPA3 - Arabidopsis CP43 Assembly Factors

LPA2 (At5g51545) and LPA3 (Atlg73060) are involved in CP43 post-
translational stabilization, but both seem to be absent from Chlamydomonas and
cyanobacteria as determined by primary sequence homology (Rochaix, 2012). These
proteins have also been shown to interact with ALB3, mentioned previously as a factor
involved in LHC and D1 assembly. This text will look first at LPA2, which appears to be
a key component of CP43 assembly, and then the related LPA3 which may have a more
regulatory function.

The Zhang Lab showed that the /[pa2 mutant has a defect in PSII assembly and
that all PSII core proteins are down, especially D1 and CP43. While transcription and
polysome association of the CP43 and D1 transcripts is unaffected, the translation of
CP43 is inhibited and the turnover of all the core proteins is increased. In particular, the
turnover of D1 is markedly rapid in pulse chase experiments as compared to wild type.
This could suggest incomplete assembly or increased susceptibility to oxidative damage
(Ma et al., 2007).

As the name suggests, the [pa3 mutant once again has reduced accumulation of
PSII RC proteins and reduced growth. Like /pa2, transcript accumulation and polysome
association is unaffected in this mutant but CP43 translation is down by pulse labeling

and D1 turnover is increased as revealed by pulse-chase analysis. Notably, LPA3 is down
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in the /pa2 mutant, but not vise versa (Cai et al., 2012). Cai and colleagues also
examined a double /pa2 Ipa3 mutant and found it to have an exaggerated phenotype, with
severely reduced growth, a yellow phenotype and the near absence of PSII RCC proteins
as seen by pulse labeling. This indicates that both proteins are functional and have either
partially redundant or distinct roles in the assembly of CP43.

The LPA2 protein itself is 185 amino acids long and is predicted to have two
transmembrane domains (Ma et al., 2007). It is tightly associated with the thylakoid
membrane fraction, as it is not removed by NaCl, CaCl, or urea. This supports the
prediction that it is an integral membrane protein (Ma et al., 2007). LPA3 has some
domain homology to LPA2, based on primary sequence, and is found in both the stroma
and thylakoid membrane associated fractions. This membrane association is unperturbed
by NaCl, loosened with CaCl, and completely abolished only upon addition of urea. The
differences between LPA2 and LPA3 thylakoid association suggests distinct, rather than
duplicate, functions (Cai et al., 2012). This hypothesis is supported by the finding that
the association of LPA3 with the thylakoid seems to be mildly light dependent. Under
high light conditions, the protein tends to be more associated with the thylakoid
membrane whereas in low light conditions, it has a looser association and a larger
population of the protein can be found in the stroma — a variation of approximately 20%
as quantified by multiple replicates (Cai et al., 2012). Because of these results, the
authors suggest that LPA3 might be performing a regulatory function, either regulating
assembly of PSII itself or acting as part of a signaling cascade effecting another process.

When run on a sucrose gradient, LPA2, CP43 and ALB3 are enriched in the same

fractions of ~67-140 kDa and Yeast-2-Hybrid experiments suggest that LPA2 interacts
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with CP43 and ALB3 but not D1, D2 or LPA1. They do not test the association with pD1
(Ma et al., 2007). Later experiments by the Zhang lab showed that LPA3 also interacted
with LPA2, CP43 and ALB3 by Yeast-2-Hybrid, but not D1, D2, LPA1 or CP47 (Cai et
al., 2012). Together, this data, combined with earlier work on PAMG6S, suggests that a
complex composed of LPA2, LPA3, CP43, ALB3 and PAM68 may be found at one point
during the assembly of PSII in Arabidopsis. Known interactions between PSII assembly

factors and the four primary RCC components described here within can be seen in Table

1 and Table 2.

PSII Components
D2 | DI | pDl | CP47 | CP43
LPAI N/D v ND | N/D N/D
B LPA42 X X - N/D v
% E, LP43 X X = X v
2 é_ HCF243 ND | W v X ND
E 5 HCF136 v X X X X
PSB27-H2 N/D v v N/D N/D
PAMES ) v V v '

Table 1 - Interactions demonstrated between assembly factors and PSII reaction
center components. Y indicates interaction has been demonstrated experimentally, X
indicates an interaction was tested and not observed, N/D indicates no published data
regarding this interaction. -- indicates that, while such an interaction has not been tested,
the likelihood is low, as a result of lack of interaction with the D1 protein.

The questions that follow this possibility are: (1) is there such a complex (2) are
there multiple complexes at different stages of PSII assembly or (3) are the association
results with ALB3 simply an artifact of these proteins being targeted to the thylakoid
membrane? Regarding to the last possibility, it must be explained why LPA3, a non-

integral membrane protein, would show an association with ALB3. In addition, the role
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of PAM68 in PSII assembly is particularly intriguing, considering its association with so
many proteins. A possible explanation that remains to be tested is that the various
assembly factors use PAM68 as a 'docking station', perhaps in coordination with ALB3,
as they sequentially incorporate their RCC components. One way to approach this
question might be deletion analysis in order to determine the domains of interaction. If
all domains of the proteins it is associated with interact with a single domain of PAM68

or ALB3, it would support the sequential interaction model.

ALB3 LPAl | HCFi136| PAM68 | LPA2 LPA3
ALB3 -- v N/D v v v
LP41 v - N/D v X X
HCFI36| N/D N/D -- g N/D N/D
PAM68 v v vV -- v v
LP42 v X N/D v -- v
LP43 v X N/D v v --

Table 2 - Interactions demonstrated between known PSII assembly factors. \
indicates interaction has been demonstrated experimentally, X indicates an interaction
was tested and not observed, N/D indicates no published data regarding this interaction.

2.5 Assembly of the Manganese Cluster

Once the membrane proteins have been assembled, the Mn cluster must be
assembled and the nuclear encoded lumenal proteins attached. Factors involved in this
process in Arabidopsis have been elusive, because once again, there seems to be little
conservation from cyanobacteria to eukaryotes. Because of the extensive studies done in
Synechocystis and other cyanobacteria, this text will take a moment to explore some of

the exciting new proteins being revealed in these organisms, including PratA and Psb27.
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The first of these has been proposed to present manganese to D1 while the second has
been implicated in ‘protecting’ the unassembled OEC binding site. Since primary
homology has not identified orthologs for these proteins in plants, we can anticipate the
discovery of functional homologs, or perhaps even novel processes, as plastids complete
these requirements for PSII assembly.

2.5.1 PratA - Synechocystis Mn Transporter and D1 Assembly Factor

In cyanobacteria, evidence suggests that the pD1 protein is associated with a
protein called PratA (processing associated TPR) in the cellular membrane. PratA is an
interesting protein, but no ortholog has been identified either by primary sequence or
function in Arabidopsis. In a pratA mutant, Klinkert et al. found reduced PSII
accumulation, reduced PSII efficiency and altered pD1 processing (Klinkert et al., 2004).
While the D1 and PsbO proteins are down in the mutant, they find that the transcripts of
psbO, psbB and psbD are up. Since synthesis rates are the same as seen in the wild type,
the decreased protein amounts must be a result of reduced stability or increased
degradation.

PratA binds both pD1 and D1 via both Yeast-2-Hybrid and pulldown (Klinkert et
al., 2004; Schottkowski et al., 2009). Using PepSpots and Yeast-2-Hybrid, Klinkert et al
determined that the pD1 and D1 bind to amino acids 314-328, which are predicted to
form an alpha-helix near the c-terminus of PratA. The protein itself is membrane
associated and can be removed with Na,CO; but not NaCl, indicating a non-ionic
interaction. In accordance with their data that PratA and D1 associate, they find that
PratA is in a high molecular weight complex, probably associated with pD1, as one of the

complexes that pD1 is identified in is shifted in a prat4 mutant.
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It was Stengel et al. that introduced the idea of a PratA Defined Membrane
(PDM), which the authors report as being small regions of the membrane where PratA
clusters (Stengel et al., 2012). The isolated supernatant of the periplasmic space was
green for the wild type, but yellow for the prat4 mutant, suggesting the absence of a
cofactor from the mutants. They found that the amount of manganese in the mutant was
reduced by about 35% of wild type levels.

The PratA protein itself contains 9 internal helix-turn-helix TPR motifs and its
mRNA is expressed in the periplasm (Klinkert et al., 2004). Stengel et al. used circular
dichroism to determine that PratA can bind as many as eight Mn atoms, with one high
affinity site and seven low affinity (Stengel et al., 2012). It does not bind iron,
magnesium or calcium. Using immunogold labeling, they showed that PratA tended to
localize to membrane ‘buds’ that they called PDMs. Excitingly, they find a similar
pattern when labeling pD1. Furthermore, these PDMs were absent in the prat4 mutant.
They suggest that these vesicular buds are biogenesis centers for some of the RC
preassembly complexes.

While no obvious homologue for PratA has been identified in Arabidopsis, its
presence in cyanobacteria emphasizes the point that a similar process for transporting
manganese has yet to be found in Arabidposis. VIPP1, mentioned earlier as interacting
with the Chlamydomonas protein ALB3.2, is proposed to be involved in thylakoid
formation via vesicle transport in Arabidopsis and Chlamydomonas (Kroll et al., 2001;
Vothknecht et al., 2011). This role for VIPP1 must be tested, but there is indication that
VIPP1 interacts with the Tat pathway in Arabidopsis (Lo and Theg, 2012) and may aid

photosynthetic apparatus organization in Chlamydomonas (Nordhues et al., 2012).
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2.5.2 Psb27 - Synechocystis Mn Cluster Assembly Factor

The Synechocystis protein Psb27 is another interesting player in OEC assembly.
A stromal protein lipoated with three fatty acid residues, HPLC pure complexes in a
Apsb27 mutant contain CP47, CP43, D1 and D2 as well as the characteristic small
subunits, but these sub-complexes do not have the lumen proteins PsbO, PsbU or PsbV.
Cell fractionation experiments show that Psb27 is tightly attached to the membrane
fraction via a strong hydrophobic interaction, probably aided by the fatty acid residues,
based on MgCl, washes (Nowaczyk et al.,, 2006). Further characterization of
photosynthetic defects in a Apsb27 Synechocystis mutant shows no Mn oxidation and
impared electron transfer from the Qa site (Mamedov et al., 2007) and it seems that
Synechocystis Psb27 aids in the recovery of the Mn cluster under high light conditions
(Roose and Pakrasi, 2008). Roose and Pakrasi suggest that Psb27 acts by excluding
PsbO, preventing PsbO from prematurely photoactivating the Mn cluster as it is being
replaced. While the growth phenotype of the Apsb27 mutant is mild, the authors showed
that wild type easily out-competes the mutant under high light conditions.

Crystallization of Synechocystis Psb27 revealed that the protein is composed of a
right-handed, four helix bundle with an up-down-up-down topology. Furthermore, the
helices are amphipathic, creating a hydrophobic side to the protein. Two crystallization
studies using Synechocystis were published sequentially in 2009 (Cormann et al., 2009;
Mabbitt et al.,, 2009) arguing that Psb27 fits perfectly into the PsbO binding site.
Although it must be noted that later work using 7. elongatus caused (Michoux et al.,
2012) to argue that Psb27 may instead dock at PsbV, which would suggest a different

function for this protein.
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Michoux and colleagues made their argument based on data from the Pakrasi lab,
who propose that Psb27 is NOT blocking the PsbO binding site (Liu et al., 2011b). When
His-tagged Psb27 pre-assembly complexes are isolated from a Synechocystis ActpA
mutant, they identify pD1 as an association partner of Psb27. The ActpA mutant does not
process the carboxy-terminus of D1, which leads to an abundance of pD1. Meanwhile, in
the His-tagged Psb27 wild type, they identify PsbO as an association partner. This
challenges the idea that Psb27 blocks the manganese cluster. Using HPLC as an
alternative purification process, (Grasse et al., 2011) deny this association in wild type
cells. Using this method, the authors identified Psb27 in both a monomer and a dimer
fraction with O, splitting activity. In these fractions, there was no PsbO.

Synechocystis Psb27 has also been shown to bind CP43 using chemical cross-
linking (Liu et al., 2011b) and pulldowns (Komenda et al 2012). This second method
also suggests an interaction with CP47. Furthermore, (Komenda et al 2012) show that
the Apsb27 mutant has increased degradation of CP43 and 2D gel electrophoresis shows
that Psb27 is in a pre-assembly complex with CP43 but not CP47. Interestingly, Psb27
does not accumulate in a ApsbC mutant, but does accumulate in a ApsbB mutant,
suggesting that a block post-addition of CP43 to the RCC increased the expression or
stabilization of Psb27. Fluorescence measurements indicate that the protein helps PSII
accumulation in high light (Komenda et al 2012).

Adding to the mystery, mutants of Psb27 orthologs in Arabidopsis do not display
the same phenotypes. These two homologs have distinct roles in Arabidopsis, with
Psb27-HI1 (encoded by At1g03600) involved in recovery after high light stress, based on

data from PSII recovery kinetics and immunoblots (Chen et al., 2006) and Psb27-H2
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being involved in D1 assembly, as discussed earlier (Wei et al., 2010). It could be that
Psb27 is fulfilling two roles in Synechocystis: regulation of D1 processing, as suggested
by (Liu et al., 2011a) and repair of the OEC complex, as indicated by (Roose and Pakrasi,
2008). These two functions could have then become separated in Arabidopsis, the first
role being completed by Psb27-H1 and the second by Psb27-H2. If so, a dual role of
Psb27 in Synechocystis might be revealed via mutational analysis.

2.6 PsbO

The Arabidopsis nuclear genome encodes for two, nearly identical, isoforms of
PsbO, PsbO-1 and PsbO-2. While PsbO-1 is the dominant iso-form, based on expression
levels, mutant analysis suggests that their roles are not completely overlapping. In a
detailed review of the function of PsbO, Bricker and Frankel explore the current literature
on potential roles and functions of the two PsbO homologs and seem to champion the
idea that expression of PsbO-2 is increased under cold stress, indicating a role for this
protein in improving PSII function under these conditions (Bricker and Frankel, 2011).
PsbO is imported into the lumen via the bacterially conserved Sec pathway (Robinson
and Mant, 1997) and once transported across the membrane, must be folded, a process
which includes the formation of a disulfide bond.

2.6.1 LTO1 - PsbO Assembly Factor

The oxidant in this process, LTO1 (Lumen Thiol Oxidoreductase 1) was identified
via homology search for a VKOR (for vitamin K epoxide reductase) like proteins in the

green lineage. Our research has shown that this thylakoid resident protein is involved in

the formation of the disufide bond in PsbO. (See Chapter 3 for more details.)
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2.6.2 Is there a PsbO reductase?

This leaves open the question of disulfide reductase in the lumen and whether or
not such a protein may be associated with LTO1. The disulfide bond relay system in E.
coli has been exhaustively studied. In this system, DsbA oxidizes sulthydryls, forming
intra-molecular disulfide bridges as they cross into the periplasmic space. The electron
from reduced DsbA is then passed on to DsbB and finally to ubiquinone (Kadokura and
Beckwith, 2010; Depuydt et al., 2011). These initial disulfide bonds are often not the
bridges needed for correct folding of the mature protein, and so a number of additional
factors are required for reducing or rearranging these disufide bonds. These include
enzymes such as DsbC, a disulfide bond isomerase that functions in rearranging these
bonds (Missiakas et al., 1994; Shevchik et al., 1994), and CcmG, a disulfide bond
reductase involved in processes such as heme attachment to c-type cytochromes (Page
and Ferguson, 1997; Li et al., 2001; Reid et al., 2001). In E. coli, DsbD provides the
reducing equivalents to these proteins from thioredoxins, which ultimately get electrons
from NADPH (Ito and Inaba, 2008; Inaba, 2009).

In addition to LTO1, a number of proteins have been identified as redox proteins
within the lumen of the chloroplast via primary sequence homology (Page et al., 2004;
Motohashi and Hisabori, 2010). Among these include orthologs of CcdA from bacterial
systems that do not encode DsbD. CcdA and DsbD share some primary sequence
homology, although CcdA is a smaller protein missing the carboxy- and amino-terminus
domains which encode for a thioredoxin-like and immunoglobulin-like domain
respectively in DsbD (Katzen and Beckwith, 2002). CcdA and DsbD are implicated in

the reduction of a number of proteins, including a class of proteins called cytochromes c,
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which are characterized by the covalent attachment of heme to a CxxCH motif. CcdA
works with orthologs of ResA, a thioredoxin-like protein identified in Bacillus subtlis
(Sun et al., 1996). ResA interacts specifically with these apo-cytochromes. The homolog
of ResA is HCF164 in Arabidopsis (Lennartz et al., 2001) and CCS5 in Chlamydomonas
(Gabilly et al., 2010). This protein, along with a poorly conserved, small protein in
plastids called HCF153 in Arabidopsis (Lennartz et al., 2006) and CCS4 in
Chlamydomonas (Gabilly et al., 2011), appears to be essential for the reduction of apo-
cytochromes ¢ in the lumen. In this system, it is proposed that CcdA acts as DsbD,
providing reductant from stromal thioredoxin via ferredoxin. This thioredoxin then
interacts specifically with the apo-cytochrome ¢, reducing it in preparation for the
covalent attachment of heme. It is currently unknown what function HCF153 or CCS4
play in this process.

The reader may have noted a balance within the bacterial system: oxidation roles
being played by DsbA and DsbB while reduction roles are played by DsbD and
thioredoxins. However, the components that balance this process in the lumen of the
chloroplast have not yet been found. The identification of a thiol-oxidant for PsbO
implies that the cysteines within the unfolded PsbO are reduced. Current literature
supports the idea that these sulfhydryls are maintained reduced throughout the
transportation process. If this is so, the method by which these sulthydryls are
maintained has yet to be uncovered. Likewise, the presence of thioredoxins involved in
cytochrome ¢ biogenesis implies an oxidant for apo-cytochomes c¢. While it is possible
that LTOL1 is performing this function, immunoblot analysis did not reveal notable defects

in cytochrome f accumulation within the lumen. These discoveries, therefore, open wide
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the doors to uncovering the answers behind these “missing” assembly factors.

2.7 PsbP

After the association of PsbO, the nuclear-encoded luminal proteins PsbP and
PsbQ must be associated. Unlike PsbO, both PsbP and PsbQ use the Tat pathway in
Arabidopsis (Settles and Martienssen, 1998; Dalbey and Robinson, 1999). Like PsbO,
PsbP has two isoforms in Arabidposis, PsbP1 and PsbP2 (Yi et al., 2007; Yi et al., 2009).
Using RNAI against Tobacco PsbP, Ifuku et al. showed that mutant plants had reduced
growth, pale green leaves and thermoluminescence showed a defect in Mn cluster
stability (Ifuku et al., 2005). Repeating the experiment in Arabidopsis, Yi et al. showed
that reduced PsbP resulted in decreased quantum yield of photosynthesis (Yi et al., 2007),
showing that PsbP functions in the stabilization of PSII. In these mutants, PsbQ is
completely absent from isolated RCC, while CP47 and D2 show reduced accumulation.
Interestingly, D1, PsbO and CP43 are less affected, suggesting that PsbP is specifically
involved in the stabilization of CP47 and D2 (Yi et al., 2007). The PsbP protein itself is
mainly composed of beta-sheets, as revealed from the crystal structure of tobacco PsbP.
(Ifuku et al., 2004). Ifuku and his collegues found that while PsbP was not similar to any
of the known lumenal components of the cyanobacterial RCC, it did have an electrostatic
surface potential similar to PsbV, the cyanobacterial protein that PsbP physically replaces

in plants.
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Figure 6 - PsbP Related Proteins
Arranged by relatedness as predicted by MAFFT. At, Arabidopsis thaliana, Syn,

Synnechocystis PCC 6803, Cya, Cyanothece sp. PCC 7424

Unfortunately, these early studies did not differentiate between the two PsbP
homologs, PsbP-1 (At1g06680) and PsbP-2 (At2g307790) (Yi et al., 2009). Later studies
looking at thylakoid architecture did however confirm that RNAi knockdown resulted in

the reduction of both genes. In these plants, the levels of total PsbP protein was reduced
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to less that 1% of the wild type and they display only a faintly yellow phenotype, but
cannot be grown except on sucrose media. On the other hand, their thylakoid structure is
extremely deviated from wild type. In an attempt to explain this phenotype, the authors
suggest that PsbP might be involved in PSII partitioning or organization within the grana
(Yietal., 2009).

2.8 PsbP Related Proteins

In addition to PsbP1 and PsbP2, Arabidopsis has two PPL (PsbP-like) proteins
and six PPD (PsbP Domain) proteins, defined on the basis of sequence homology. The
Chlamydomonadaceae appear to have PsbP homologues, but not all have obvious PPL
orthologs (See Figure 6). For instance, no PPL orthologs have been identified in C.
reinhardtii, but C. incerta is predicted to have at least one. Both of the PPL genes in
Arabidopsis have been implicated in assembly and/or maintanance of plastid complexes:
PPL1 is required for efficient repair of PSII and PPL2 is co-expressed with NDH (NADH
dehydrogenase) subunits (Ishihara et al., 2007).

Furthermore, there are six PsbP Domain (PPD) proteins with unknown function in
Arabidopsis. This supports the trend in Arabidopsis (and land plants) for regular gene
duplication, seen mainly with the nuclear encoded, extrinsic proteins (PsbO, -P, -Q).
Meanwhile the intrinsic proteins remain encoded by the chloroplast genome (Sato, 2010).
The question becomes, do these PsbP related protein also have roles in the assembly of
the photosynthetic complexes? And if so, do they have divergent or duplicate functions?
Further investigations must be made to determine this.

2.8.1 SI11418 - Synechocystis PsbP-like homologue

Identified by loose primary sequence homology, a PPL (S111418) in Synechocytis
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is found to be tightly bound to the thylakoid membrane and is non-stoichiometrically
associated with PSII - less than 10% of the PSII complexes are associated with S111418
(Thornton et al., 2004). Although the phenotype of the s///418 mutant is mild (Ishikawa
et al., 2005), it does have slightly reduced growth in calcium and chlorine depleted
medias, based on liquid culture growth curves (Thornton et al., 2004; Summerfield et al.,
2005a). Notably, CP47 still accumulates in these mutants, unlike in the psbP Arabidopsis
mutant. Oxygen evolution is very inhibited at higher light intensities (Thornton et al.,
2004), which is probably a result of decreased stability of the Mn cluster (Sveshnikov et
al., 2007). When the RCC is extracted, a lower oxygen evolution is observed in the
psbP-like mutants (Sveshnikov et al., 2007). From the striking differences in phenotype
and primary sequence between pp/ cyanobacteria mutants and psbP Arabidopsis mutants
combined with the functional radiation of PsbP in eukaryotes, any extrapolation of
function must be carefully tested. This difference emphasizes the caution that should be
extended to bioinformatic analysis, especially in regard to assembly and regulatory
factors.

2.9 PsbQ

The importance of PsbQ in higher plants has been even more elusive. Once
again, there are two PsbQ homologs in Arabidopsis — PsbQ-1 (At4g21280) and PsbQ-2
(At4g05180) (Yi et al., 2009). RNAI against tobacco PsbQ revealed no phenotype under
normal to high light (Ifuku et al., 2005). However, a low light phenotype was identified
performing the same experiment in Arabidopsis (Yi et al., 2007). In the Arabidopsis
RNAI plants, Yi and his colleagues showed that under normal light conditions, there was

little effect of reduced PsbQ on growth, O, evolution, chlorophyll fluorescence or loss of
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other PSII components. However, low light conditions resulted in a slow death of the
lines. The authors found reduced PSII, including CP47 and D2, in these yellowing plants
and that the PSII complexes were very unstable (Yi et al., 2007). EM data revealed that
there was no change in the thylakoid structure, even when PsbQ was reduced to less than
5% of the wild type (Yi et al., 2007).

2.9.1 S111638 - Synechocystis PsbQ-like homolog

A PsbQ-like (SIl1638) gene was also found in Synechocystis and mutant
characterization revealed that its phenotype paralleled that of the psbP-like mutant
described above, with poor growth in calcium and chloride depleted media (Thornton et
al., 2004). In particular, the oxygen evolution was more inhibited than the psbP-like
mutant at higher light intensities, especially in the psbQ-like mutants (Thornton et al.,
2004). SI111638 also seems to be involved with the stabilization of the Mn cluster,
perhaps interacting with PsbU and PsbV in Symechocystis, as double mutants are
especially stressed when grown on Ca’", CI', and iron-depleted media (Summerfield et
al., 2005b). Since both the PsbP-like and PsbQ-like cyanobacteria orthologs are targeted
to the luminal side of PSII, it raises an interesting conundrum: if they are performing a
necessary function in cyanobacteria, what is performing this function in Arabidopsis?
Have PsbP and PsbQ taken up the roles of both of these PsbP-like and PsbQ-like proteins
as well as their functional counterparts, PsbV and PsbU, or is another protein performing
these stabilization roles? Alternatively, the need for these stabilizing factors might be
lessened in plastids for some unknown reasons.

Assembly factors for PsbP and PsbQ themselves have not been identified and may

not be needed. In fact, the radiation of PsbP proteins indicates that these proteins have
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been conscripted for assembly functions themselves.

3. bef

The assembly of the cytochrome b¢f complex is nearly as intricate as that of PSII,
with similar variation in post-transcriptional factors between organisms. This text will
focus primarily on cytochrome f, a c-type cytochrome with a heme moiety covalently
attached to a characteristic CXXCH motif (Thony-Meyer, 1997; Ferguson et al., 2008;
Bonnard et al., 2010).

The translation of cyt f is regulated in a manner comparable to the RCC
components. That is, its translation is dependent upon the stable accumulation of the
gene product of petD, subunit IV of the b¢f complex (Choquet et al., 1998). At least two
factors have been identified as specifically involved in the translation of the pet4A mRNA:
MCATI and TCAL.

3.1 Translation of petA

Before entering a discussion as to the components involved in petA translation, it
must first be noted that the pet4 gene product regulates its own translation. The Wollman
lab describes some of the first evidence that cytochrome f translation is regulated through
the 5’UTR of the petd transcript in Chlamydomonas reinhardtii (Choquet et al., 1998).
Furthermore, it is the c-terminus of the unassembled cyt f protein that down-regulates this
translation. As a basis for their later experiments, the authors note that cytochrome f'is
down in a ApetD (Subunit IV, SUIV) mutant (Choquet et al., 1998). This is expected, as
SUIV must accumulate before the bef complex is assembled, an example of what the
authors call “control by epistasy of synthesis” (CES). However, a cytochrome f

translational product that is degraded more quickly than the wild type does not induce
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this negative regulation of its own transcript, even in a ApetD mutant. (In this case, the
authors used the mutant F52L-55V, which is mutant for the two essential heme binding
cystienes at the CXXCH motif.)

To identify the region of the transcript that was causing the translational down-
regulation, the authors swapped the 5’UTR of petd with the 5’UTR of another
chloroplast gene, atpA, which encodes for the alpha subunit of plastidic ATPase. Moving
this construct into a mutant deficient in petD accumulation, mcdI-F16, restores
cytochrome f accumulation, but not be¢f assembly. This demonstrated that the 5’UTR of
petA is essential for this regulation. Furthermore, this region is sufficient for directing the
down-regulation onto another transcript, as exemplified by the down regulation of a
reporter constructed of the 5S’UTR of petd fused to the aadA spectinomycin resistance
cassette transformed into strains that express varying levels of mature cytochrome f.
Furthermore, (Choquet et al., 2003) identified five residues in the c-terminus of
cytochrome f'that constitute a “translation repressor motif” resulting in repression of pet4
translation. Deletion of this motif results in lack of photoautotrophic growth and point
mutation therein result in various levels of increased cytochrome f'translation.

3.2 TCA1 - Chlamydomonas Translation Factor of pet4

The Wollman lab later identified two potential proteins involved in this petd
translation regulation in the form of two nuclear loci, 7CAI and MCA1. Chlamydomonas
mutants at these loci do not produce cytochrome f. Wostrikoff et al. focused on
characterizing the fcal mutants and found that they could suppress the tcal cytochrome f
accumulation phenotype by transformation of the 5'UTR-atpA/petA gene fusion

described above (Wostrikoff et al., 2001). The tcal mutants themselves are recessive,
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deficient in photosynthetic growth, bef fluorescence and cytochrome f accumulation by
pulse labeling, though the petA transcript still accumulates (although not to wild type
levels). Since the mutation is recessive and the transcript still accumulates, the authors
note thay this suggests that TCA1 works as an activator of translation, not a repressor.

In addition to restoring cytochrome f accumulation by transformation of the zcal-
1 mutant with the 5 'UTR-atpA/petA gene fusion, moving the 5’ UTR-petA/aadA reporter
construct described above into this background did not confer spectinomycin resistance,
showing that a strain deficient in TCAl cannot produce the reporter protein. A
chloroplast fcal suppressor mutation also maps to the 5’UTR of petd and partially
restores petA transcript accumulation in tcal-1 and tcal-2 mutants.

To determine whether or not the #zcal-I mutation could suppress the CES
phenotype of a ApetD mutant, wherein cyt f translation is repressed, they crossed the two
mutants. They found that cyt f translation in the ApetD tcal-1 mutant is more repressed
than in either mutant alone. This indicates that TCA1, while recognizing the 5’UTR of
and necessary for the translation of petd, is not necessary for CES repression. To
investigate the possibility that TCA1, while not necessary, may be a player in the CES
process, a second cross was made, creating a fcal-I strain with a modified cytochome f
having the last 14 residues of the c-terminus deleted in which the CES process is lost. In
this experiment, the up-regulation of cytochrome f translation was dependent upon the
presence of TCAIl, suggesting that TCAl is a rate-limiting step in cyt f translation
occurring upstream of the CES control mechanism.

3.3 MCAL1 - Post Transcriptional Factor of petA

Meanwhile, the mcal mutant does not accumulate the petA transcript, and so does
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not produce mature cytochrome f protein (Loiselay et al., 2008). MCA1 and TCA1 are
found in the chloroplast fraction based on chloroplast isolation experiments using HA and
FLAG tagged versions of the genes (Raynaud et al., 2007) and can both be found in the
soluble fraction using these same constructs (Boulouis et al., 2011). Using transformants
that express various levels of MCA1-HA and TCAI-FLAG, (Raynaud et al., 2007) then
show that petA transcript accumulation (and therefore cyt f accumulation) is dependent
upon the amount of MCA1 and cyt f protein accumulation (but not petA transcript RNA)
is dependent upon the amount of TCAL.

Cyclohexamide treatment of the tagged strains revealed that MCA1-HA turnover
is very rapid - nearly absent after only four hours - while cyt f'and TCA1-FLAG have
longer half lives. This turnover of MCA1-HA is concurrent with the turnover of the pet4
mRNA. They also find that MCA1, TCAl and the petd transcript are much more
abundant in early and late log phases of growth than at steady state growth when bef
assembly is less necessary. This down regulation is also seen with nitrogen deprivation,
commiserate with growth retardation.

The MCAL protein itself is a PPR protein 1,068 amino acids long and containing
~ 14 PPR motifs (Loiselay et al., 2008). In addition, it has short stretches of poly A, S, P
and Q residues, a characteristic of other nucleus encoded chloroplastic factors found in
Chlamydomonas. Only one closely related ortholog was identified by primary sequence
homology in V. carteri.

The dosage-dependent data (Raynaud et al., 2007) suggested that MCA1 acts as a
dimer and Yeast-2-Hybrid confirmed this data, indicating that the two proteins probably

associate as dimers in a tetramer, with TCA1 associating with its own c-terminus, MCA1
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associating with its own n-terminus and the ¢ terminus of MCA1 associating with the n-
terminus of TCA1 (Boulouis et al., 2011). There are two distinct regions of PPR repeats
in MCA1, and this association could mean that one of the regions aids in homodimer
formation while the second region would aid in heterodimer formation (Boulouis et al.,
2011).

Loiselay and her collegues found that, like TCAIl, the function of MCAI is
dependent upon the 5’UTR of petd (Loiselay et al., 2008). Transforming the mcal-2
mutant with the 5’ UTRpsbB/petA construct similar to the one described above resulted in
restored accumulation of the pet4A mRNA. In addition, transforming the inverse
construct, 5'UTRpetA/psbB, results in lack of psbB transcript accumulation. This
indicates that petA4 transcript accumulation is dependent upon MCA1.

Using RNA ligase mediated (RLM)-RACE with and without tobacco acid
pyrophosphatase, they demonstrate that the mcal mutant still accurately attaches the
5’cap to the petA mRNA, as they can amplify a product from the mutant in both
instances. This means MCA1 must be conferring stability to the petA transcript in some
other manner. They investigated the possibility that MCAL1 is protecting the 5’UTR of
petA from 5°—3’ degradation by transforming the mcal-1, mcal-2 and wild type strains
with a petA construct that had been modified by the addition of a poly-guanine tract at the
beginning of the 5’UTR which protects from this type of degradation (Drager et al., 1998;
Nickelsen, 1999; Vaistij et al., 2000). This construct increased the accumulation of per4
transcript in all three strains (although there is no quantification of the accumulation in
the wild type), suggesting that MCAL is facilitating the protection of this transcript from

degradation.
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They further narrowed down the stabilization element to a 40 nucleotide region
surrounding the petA transcriptional start site by swapping this region with the same
region from petD that had previously been shown to function in petD RNA stability.
Both this and a reciprocal construct (petD with the stabilization element from petA4) were
transformed into mcal-1, mcal-2 and mcdl-1. This last strain is mutant for a protein
identified as being involved in stabilization of the petD transcript through the
stabilization element. In this way, they were able to swap the stability of the petd and
petD transcripts from their respective dependence on MCA1 and MCD1 from one protein
to the other. The petD stabilization element/pet4 construct was also moved into a fcal-8
mutant. This resulted in increased translation of petA4, suggesting that TCA1 hampers the
production of the chimeric transcript, and so TCA1 may have a dual role of translational
activation and transcriptional suppression. They did not produce the fca mca double
mutant with this construct.

Further dissecting the roles of these proteins, the stabilized poly-(G) petd
construct described above was placed into the fca/-2 mutant and, while the pet4
transcript was still stabilized, translation of cytochrome f did not occur. This was
expected, given the deduced role of TCA1l. However, a discrepancy in the amount of
petA transcript as compared to cyt f'accumulation when using the poly-(G) petA4 construct
in the mcal-1 and mcal-2 backgrounds leads the authors to suggest that MCA1 might
also have a dual role. MCAI might not only be stabilizing the transcript, but also
enhancing translation, perhaps in conjunction with TCA1. To explore this, nucleotides
22-63 after the translational start site were removed (following the first 20 nucleotides of

the petA stabilization element) and the resulting construct was transformed into a mcal
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mutant. While this transcript is produced, the resultant protein is not, indicating that
these nucleotides are required for translation, perhaps through TCAT1 via its interaction
with MCAL.

Co-IP experiments confirm the Yeast-2-Hybrid results described above, and
furthermore, these co-IPs show association with or without the presence of the petA
transcript (Boulouis et al., 2011). Size exclusion chromatography reveals that MCA1 and
TCAT1 run in the same fraction around 670 kDa. The proteins run in lower fractions in
mcal-6, tcal-8, and ApetA mutants as well as in samples treated with RNase. This
demonstrates that both proteins are associated in a large complex with the pet4 RNA.

While investigating the regulation of TCA1 and MCA1 themselves, it was found
that both proteins over-accumulate in a Apetd strain. In strains wherein the holo-
cytochrome f'is not formed (ccs/) or the c-terminus of cyt f'is deleted or modified, MCA1
also accumulates. However, in a strain where the 5’UTR of pet4 has been replaced with
that of atpA, levels of MCA1 are normal. Finally, in a ApetD strain where petA
transcription is repressed, the authors find a shortened half life of the MCAL1 protein.
This demonstrates that the lifespan of MCAI1 correlates not only with cyt f protein
accumulation, but also with enhanced accumulation of the petd transcript. These
experiments further indicate that MCA1 and TCAI are increased in strains where holo-
cytochrome f'is absent and that MCA1 is modulating the CES effect of petD on the pet4
transcript.

In summary, MCAL1 is required for the stable accumulation of pet4 while TCALI is
required for the translation of pet4. These proteins are limiting for the processes for

which they are involved, particularly MCAL1, being a short-lived protein, and through the
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c-terminus of mature cytochrome fregulate the production of this protein.
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Figure 7 - Three Systems for Cytochrome ¢ assembly from (Kranz et al., 2009).
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3.4 Heme Attachment

The post-translational assembly of the cytochrome f protein requires the covalent
attachment of a heme to a characteristic c-type cytochrome -CxxCH- motif. There are a
diversity of Systems (I, I*, II, III, IV, V) that complete c-type cytochrome assembly
depending not only on the organism, but also on the organelle. The chloroplasts of
Chlamydomonas and Arabidopsis have been shown to use a variant of System II that was
originally identified in Chlamydomonas (Howe and Merchant, 1992). This dissertation
will therefore focus specifically on how System II attaches heme to cytochrome f and
how this system varies from organism to organism. For an overview of this and the other
two systems, please reference Figure 7.

3.4.1 CCS1 and CcsA - System II Heme Synthetase

System 1I is typically defined by the presence of one protein, CcsA (also called
ResC in Bacillus), a protein with six to fifteen trans-membrane helices depending on the
organism, several conserved histidine, aspartic acids and a characteristic WWD motif
(Hamel et al., 2003). CcsA appears to be in a complex with another protein with four to
six trans-membrane spanning domains, which also has several conserved histidines plus a
large C-terminal domain protruding into the lumen, called Ccsl (also CcsB in
Helicobacter and ResB in Bacillus — this text will use the names given to the chloroplast
biogenesis System except when discussing specific proteins) (Dreyfuss et al., 2003). C.
reinhardtii ccs mutants do not produce holo-cytochrome and as a result of the loss of
holo-cytochrome f, the mutants do not assemble the b¢f complex and so cannot grow
photoautotrophically (Xie et al., 1998).

CcsA is well conserved in plants, algae and cyanobacteria, especially in the c-
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terminus, where the three invariant histidines and a WWD motif can be found. It was
demonstrated, using phoA/lacZ fusion constructs in E.coli, that the WWD domain and
two histidines face the lumen/periplasmic space (Hamel et al., 2003). (These two
compartments are functionally analogous in regard to electrochemical gradient
production.)  Meanwhile, one of the histidines is to be found nearer the
stromal/cytoplasmic side, nestled within a transmembrane domain. They also show that at
least four tryptophans, three aspartic acids and three of the histidines are necessary for
cytochrome f assembly (Hamel et al., 2003). Using the same procedure, Dreyfuss et al.
revealed that Chlamydomonas CCS1 has three trans-membranes and an extended lumenal
domain (Dreyfuss et al., 2003). Mutation of the conserved histidine in the third trans-
membrane loop results in lack of complementation of the ccs/-1 mutant, but mutations in
a conserved cysteine and aspartic acid did not appear to affect cytochrome ¢ biogenesis.
(Dreyfuss et al., 2003)

3.4.2 CesBA - Bacterial Ortholog of CCS1 and CcsA

Underlining the fact that these two proteins work together, CCS1 and CcsA
orthologs are found to be encoded as one large protein called CcsBA in organisms such as
Helicobacter pylori or Wolinella succinogenes, the latter of which encodes three
homologs, CcsAl, CcsA2 and Nrtl. Excepting the reduction of the cysteines on the apo-
protein, these multi-domain proteins appear to be all that is necessary for heme
attachment in some systems. This was shown by the production of a cytochrome c4
reporter from a “delta System I” (AccemABCDEFGH) E. coli mutant expressing the
CcsBA protein from Helicobacter pylori (Feissner et al., 2006). At this point, the reader

should note that E. coli in its native environment only produces c-type cytochromes under
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anaerobic conditions. However, if proteins requiring the covalent attachment of heme are
placed under non-native promoters, E. coli will effectively mature these proteins under
aerobic conditions. Hence the use of a cytochrome ¢4 reporter.

Feissner and colleagues could not increase the expression of their reporter
cytochrome ¢ by co-transforming with CcsX from H. pylori, a System II component
ortholog of CcdA which was discussed earlier as being implicated in the reduction of the
apo-protein. Nor could they increase expression by adding exogenous DTT to the media
in an attempt to increase the level of reduced apoprotein. This suggests that CcsBA, in
conjunction with the native E. coli disulfide bond reducing pathway (DsbD), is sufficient
to reduce the -CXXCH- motifs at optimal levels. The inability to increase expression
also suggests either that there is no direct interaction between the heme attachment and
the apo-protein reduction proteins, or that such an interaction is unnecessary.

Frawley and Kranz (2009) further investigated the function of this fused System
I, testing CcsBA proteins from Bordetella pertussis, H. pylori, Bacteroides
thetaiotaomicron and Helicobacter hepaticus for their ability to complement a System I
E. coli mutant (Frawley and Kranz, 2009). The last of these most robustly produced their
reporter c-type cytochrome. Astoundingly, they found that Hh-CcsBA itself binds heme.
Boiling removes this heme from the CcsA-like portion of the protein, suggesting that the
heme is non-covalently bound. Using UV-visible absorption, the authors demonstrate
that the full length protein binds reduced [Fe2+] heme in a b-type coordination, i.e. non-
covalently.

3.4.3 ResB and ResC - B. subtilis orthologs of CCS1 and CcsA

The finding that CcsBA from H. hepaticus contains a b-type heme and can still
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complement a System I mutant is intriguing, because previous attempts to complement a
System 1 (ccmABCDEFGH) E. coli mutant with the ResABC operon from B. subtilis
were unsuccessful (Ahuja et al.,, 2009). (This would be similar to attempting to
complement with CCS5, CCS1 and CcsA from Chlamydomonas (Le Brun et al., 2000).)
However, Ahuja and collegues did identify a protein with a covalently attached heme in
the membrane fraction of these ResABC E. coli.

Mass spectrophotometry revealed that this protein corresponded to the CCSI1
ortholog while pyridine hemeochromogen spectrum and HPLC revealed that the
extracted heme group was protoheme IX. Treatments such as boiling indicated that the
heme is attached covalently and mutation of a conserved cysteine identified by the
Merchant Lab at position 138 resulted in loss of covalent heme binding activity (Dreyfuss
et al., 2003). Furthermore, attachment of this heme did not appear to be dependent upon
the CcsA or CCS5 orthologs, as operon constructs with the start codons of these genes
mutated into stop codons still produced a CCS1 ortholog with covalently bound heme.

With this discovery, the group reanalyzed B. subtilis to identify the heme binding
protein using multiple copies of the ResABC operon under the native promoter. Using
this construct, they identified two proteins at ~62 and 27 kDa. Mass spectrophotometry
revealed that the higher band held the Ccsl ortholog and the lower band held the CcsA
ortholog, which must be truncated to run at this size on an SDS-Page, as MS identified
this protein at its predicted size as well. The authors note that this could, of course, be an
artifact of expression. Despite this, the Cys138Ala mutation described above does not
affect c-type cytochrome production in a wild type grown under normal conditions,

suggesting either that this cysteine is binding a nearby heme as a result of the artificial
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system or the covalent attachment of heme is not necessary for the CCS1/CcsA orthologs
to produce cytochromes c¢. They did not confirm that heme was attached covalently in
cells with the native ResABC promoter, so it is still possible this heme attachment is an
artifact of over-expression (Ahuja et al., 2009). This is still an interesting question with
the discovery that CcsBA from H. hepaticus contains a b-type heme, as members of the
Bacillus species tend to encode an additional cysteine containing motif at the very N-
terminus of the CCS1 ortholog (prior to the cysteine mentioned above), exemplified by
the -CxC-N10-CxxC- found in B. subtitilus (Le Brun et al., 2000).

3.4.4 What is the function of the b-type heme?

Frawley and Kranz (2009) investigated the b-type heme binding by mutating the
previously identified histidines flanking the WWD motif of H. hepaticus CcsBA (those
facing the periplasmic space in the CcsA ortholog) or the WWD residues themselves (in
the sequence -WGWD-) and found that all of these resulted in loss of c-type cytochrome
formation in their artificial system. Interestingly, the WWD mutant still retains reduced
heme in a typical b-type conformation, whereas in the histidine mutants, the heme is
found in the oxidized state. This indicates that these two histidines are instrumental for
the reduction of heme for later attachment to the apo-cytochrome c¢ but are not the b-type
heme ligands themselves.

Mutation of two additional histidines that would be analogous to the conserved
histidine in CCS1 and the histidine closer to the stromal side of CcsA, also results in an
inability to produce cytochrome cs. Interestingly, the loss of these residues results in a
significant decrease in CcsBA b-type heme binding, indicating they are the ligands for the

b-type heme. Furthermore, addition of imidazole to the media of these histidine mutants
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suppresses the c-type cytochrome phenotype under both aerobic and anaerobic
conditions, probably by functional replacement of the imidazole groups on the histidine
residues. (Interestingly, this treatment does not suppress mutations in the second and
fourth histidines.) The authors suggest that this domain acts as a channel to transport
heme across the membrane (Frawley and Kranz, 2009).

It must be mentioned, however, that within a month of this publication, (Richard-
Fogal et al., 2009) demonstrated that the cytochrome synthetase of System I, a protein
called CemF, also required a b-type heme in addition to a reduced heme and that the
reduction of this heme can be achieved in vitro by the addition of quinols to the solution.
CcemF is evolutionarily related to CcsA and the amino-terminus of CCS1. Using a His-
tagged CcmF, a complex containing another System I component, CcmH, was purified.
They note that the interaction between the two proteins is salt sensitive, suggesting a
weak ionic binding between the proteins and that the purified complex is reddish brown
in color, suggesting the presence of iron. Low-temperature absorption spectra of purified
CemF indicate that this heme is bound in a b-type conformation and quantification
showed an approximately 1:1 molar ratio of heme:CcmPF.

This b-type heme does not come from a proposed heme holdase in System I called
CcmE, because deletion of ccmE does not result in the loss of the b-type heme. In
addition, they used phoA/lacZ constructs to modify an earlier model of CcmF topology,
resulting in a realignment that results in a topology nearly identical to that of CcsBA from
H. hepaticus, barring the additional soluble domain orthologus to that of Ccsl. One of
the two histidines oriented on the side of the cytoplasm (functionally analogous to the

stroma of the chloroplast), H261, results in significant b-type cytochrome loss when
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mutated while another, H173, does not. The authors proposed that this b-type heme
reduces the oxidized heme attached to CemE before it is attached to apo-cytochrome c. If
so, they reasoned, then the b-type heme in CcmF must itself be reduced. Indeed, the
authors found that both ubiquinol and dimethylquinone could reduce this heme in vitro
and identify a potential quinol binding site by primary sequence homology, suggesting
that a similar reductant is used in vivo.

The evolutionary conservation of CcsBA and CemF makes it tempting to propose
a similar mechanism, however, a number of questions must be answered before such an
assumption can be confirmed: (1) in both Systems, the path by which heme is transported
across the membrane must be further elucidated, (2) if CcmF is truly reducing heme prior
to its synthetase function, the reduction of a second heme (ideally from CcmE) through
this b-type heme must be demonstrated and (3) such experiments must be repeated with
the CcsBA protein.

While it is tempting to support the idea that CcsBA is both transporting and
attaching heme to the reduced apo-cytochrome, this hypothesis is based solely on the
ability of CcsBA to complement a “System I mutant”. This hypothesis assumes that one
or more of the proteins encoded by the ccmABCDEFGH operon in E.coli is transporting
heme for use of the formation of c-type cytochromes. Several facts cast doubt on this
possibility. First, CcmF is probably not the (sole) heme transporter, as evidenced by the
presence of heme in a CcmCDE complex in a ccmF mutant. Second, the proteins
encoded by CcmCDE are smaller proteins proposed to have a holdase function as
opposed to a transport function. Third, deletion of the ccmAB genes does not prevent

loading of heme onto CcmCDE complex. Finally, System I mutants in Rhodobacter
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capsulatus secrete copious amounts of coproporphyrin and protoporphyrin, heme
precursors, into the media (Deshmukh et al., 2000). All of these facts suggest that there is
at least one additional pathway that can excrete heme or heme precursors.

The excretion of heme precursors in R. capsulatus makes it tempting to suggest
that heme is being assembled on the positive side of the membrane. However, a mutant
for ferrochelatase, the enzyme required for the insertion of iron into protoporphyrin, does
not produce cytochrome cs in the System II containing Bacillius subtillus but these
mutants can be rescued by the addition of exogenous heme. This indicates that there is
not an alternative heme producing pathway specific for cytochrome ¢ production in B.
subtillus (Schiott et al., 1997a; Schiott et al., 1997b). This means there must be transport
of heme by some mechanism or heretofore undetected levels of ferrochelatase are
transported in conjunction with heme-precursors and heme is assembled in comparmento.

3.4.5 System II Variation

The cytochrome ¢ biogenesis question becomes even more complex when we ask
the question: Why are there so many variations? System II varies widely in the number
of components required for heme attachment -- from one to as many as five candidates in
Chlamydomonas. (This count excludes the proteins implicated in apo-protein reduction,
which increase the number by two to three, depending on the organism.) One possibility
for this diversity is presented by W. succinogenes encoding for three different CcsBA-
type proteins, CcsAl, CcsA2 and Nrfl. Each of these proteins appears to be essential for
the production of different c-type cytochromes. Of the three, a deletion of CcsA2
produces the most drastic phenotype - without this gene, W. succinogenes will not grow.

Furthermore, it is this gene that will complement the “E. coli System I mutant” described
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above. Meanwhile, the CcsAl mutant will not produce MccA, a protein with multiple c-
type hemes attached. Finally, Nrfl is responsible for the attachment of heme to the
atypical -CXXCK- motif found in cytochrome c nitrate reductase (Pisa et al., 2002).
These findings support the idea that different substrates require slightly different
assembly factors. The presence of multiple CcsBA proteins is understandable in this
instance, as not all organisms encode proteins with multiple -CXXCH- motifs or the -
CXXCK- motif.

This trend is also seen in some organisms that use System III. Saccharomyces
cerevisiae, for instance, encodes for two cytochrome ¢ heme lyases (CCHL), one for each
of the respiratory c-type cytochromes: cytochrome ¢ and cytochrome c; (Bernard et al.,
2003), Appropriately, the biochemical behavior of these proteins is variable. Kern et al.
mutated the four conserved histidines in CcsAl, CcsA2 and Nrfl (Kern et al., 2010b;
Kern et al., 2010a). Their results for the n7fl mutants paralleled those seen by Frawley
(Frawley and Kranz, 2009) with H. hepaticus CcsBA, except they also saw mild rescue
of the second and fourth histidine mutants when they added imidazole to the media.
Likewise was there some rescue with imidazole for all of the mutations in CcsAl and in
addition, there was a low level production of holo-MccA without imidazole when the
cytoplasm-facing histidines are mutated. Notably, mutation of the WWD motif (changing
the sequence -WGWD- to ~AGAA-) resulted in lack of holo-MccA production but this
mutant was not rescued by imidazole. Finally, CcsA2 was tested in the heterologous
ccemABCDEFGH E. coli mutant, as CcsA2 is essential for the growth of W. succinogenes.
The production of cytochrome cs and phenotype suppression with imidazole in these four

histidine mutants was most similar to that seen by Frawley and Kranz, however, Kern and
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colleagues saw imidazole suppression with the two cytoplasm-facing histidine mutants
only under anaerobic conditions (Kern et al., 2010b; Kern et al., 2010a).

Interestingly, research presented in this dissertation suggests that a new plastid
system, System II*, may have to be introduced to the line-up, as twice the number of
components is required for this process as compared to bacterial systems. These
additional components have, until recently, only been characterized genetically in
Chlamydomonas reinhardtii. However, new information is revealing the increased
complexity of this system in both green alga and plant. In addition to a new protein
implicated in the apo-protein reduction, a number of these factors may be related to an
enhanced need for regulation in these eukaryotes. This is implicated by the increased
expression of CCS1 under highlight in Chlamydomonas, but this regulation appears to be
unaffected by the absence of cyt f or by the presence or absence of copper. The reader
may like to know that the impact of copper availability is interesting to those studying
Chlamydomonas, because in this organism, the absence of copper results in the specific
expression of a c-type cytochrome, cytochrome cg, which replaces the copper containing
plastocyanin.

This data on CCS1 indicates that, while there is light-dependent regulation, there
is no feedback regulation from downstream products. However, the CCSI protein
accumulates less in the chloroplast mutant ccs4-B6 and the nuclear mutants ccs2, ccs3
and ccs4 while the CCSI transcript is expressed at wild type levels. (Dreyfuss et al.,
2003) Likewise, ccsA transcript accumulation appears to be unaffected in the nuclear
mutants ccs/ through ccs4 (Xie and Merchant, 1996). This suggests that the CCS1

protein is either unstable without the presence of these additional CCS components, or
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perhaps it is regulated at the translational level.

Following the theme of photosynthetic complex assembly, Chapter 2 is a
contribution to continuing investigations of System II* in the chloroplast of
Chlamydomonas reinhardtii. This highlights CCS2, a new factor controlling heme
attachment to apo-cytochrome cs in the plastid. Next, Chapter 3 illustrates the
importance of disulfide bond formation for the assembly of PSII. As mentioned
previously, an ltol Arabidopsis mutant is characterized in this chapter, the first thiol-
oxidase to be described as functioning in the lumen. Finally, Chapter 4 underscores the
potential of plastid engineering through the complementation of a nuclear mutant in the
arginine biosynthetic pathway via transformation of the chloroplast. This technical
achievement opens the doors to future possibilities for plastid genome manipulation

through the design of a new marker for organelle transformation.
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Abstract

In bacteria and organelles, cytochromes ¢ are universal electron carriers with a
heme cofactor covalently linked to the sulthydryls of a CXXCH motif in the apoprotein.
Despite the ubiquitous nature of cytochromes c, recent advances show their assembly
pathways are incredibly divergent. In the green alga Chlamydomonas reinhardtii, the

CCS2 locus was defined through the isolation of the ccs2-1 to ccs2-5 photosynthetic
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deficient mutants. The ccs mutants display a dual deficiency in production of the
holoforms of cytochrome f'and cg, the two plastid cytochromes ¢ in the thylakoid lumen.
Here we show that the complementing CCS2 gene encodes a predicted 170 kDa protein
and identify the molecular lesions in the ccs2 alleles. CCS2 displays a new variant of the
OPR motif and does not appear to be conserved in the green lineage with the exception of
Volvox. A plastid site of action is inferred from the finding that GFP fused to the first 100
first amino-acids of CCS2 localizes to the chloroplast in tobacco. We discuss the possible
roles of CCS2 in the biogenesis of plastid cytochromes c.

Introduction

Energy-transducing membranes are specialized membranes in Dbacteria,
mitochondria and chloroplasts relying on electron carriers to generate the proton gradient
necessary for ATP synthesis. The c-type cytochromes, also generically referred to as
cytochromes c, are a class of structurally diverse metalloproteins participating in electron
transfer reactions in all energy-transducing membranes (Thony-Meyer, 1997; Bonnard et
al., 2010). Cytochromes c¢ are defined by the covalent attachment of a ferro-
protoporphyrin IX moiety to the cysteine sulthydryls in a characteristic CXXCH motif in
the apocytochrome, also referred to as heme-binding site (Ferguson et al., 2008).
Extensive investigations in bacterial and eukaryotic model systems and in vitro
reconstitution of holocytochrome ¢ assembly led to a definition of the minimal

biochemical requirements for the heme attachment reaction. These requirements include:
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(1) the separate transport of both heme and apocytochrome to the positive side' of the
membrane, (2) the reduction and maintenance of both ferroheme and cysteines at the
heme binding site and (3) the stereospecific covalent attachment of the heme vinyl groups
to sulthydryls via a thioether linkage.

To date, four systems (I to IV) required for the covalent attachment of heme to the
apoforms of cytochromes have been identified. ~The prototypical assembly proteins,
CcemE (System I), Cesl (System II) and CCHL (System III) are the hallmark of each
maturation pathway (Ferguson et al., 2008; Hamel et al., 2009; Kranz et al., 2009). In the
first three Systems (I, II, III), covalent attachment of the heme moiety occurs on the
positive side of energy-transducing membranes (i.e. bacterial periplasm, mitochondrial
intermembrane space, thylakoid lumen) (Ferguson et al., 2008; Giege et al., 2008; Hamel
et al.,, 2009; Kranz et al., 2009). System IV is a maturation pathway required for the
covalent attachment of heme C; to cytochrome bg, in the bgf complex of cyanobacteria
and photosynthetic eukaryotes (Kuras et al., 1997; Kuras et al., 2007; Lyska et al., 2007).
This system differs from Systems I, II and III because attachment of heme Ci occurs on
the negative side of the membrane at a single cysteine that does not lie within a motif.

Common to Systems I and II is the operation of components dedicated to heme
handling, the reduction of the heme co-factor and attachment of heme to the
apocytochrome targets. System II, the system under study in this paper, is found in -, 8-

and e-proteobacteria as well as cyanobacteria and bikont chloroplasts (Kranz et al., 2009).

' Energy transducing membranes characteristically produce a space where protons are

concentrated, the positive side, and a space where they are not, the negative side.
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Here, we will use the protein terminology introduced for System II in Chlamydomonas,
unless otherwise stated, as it is currently the most consistent nomenclature for
cytochrome ¢ assembly factors in eukaryotes.

In Chlamydomonas, ccs (cytochrome ¢ synthesis) mutants are defined by a dual
deficiency in the holoforms of both cytochrome f and cytochrome c¢¢ (Howe and
Merchant, 1992; Inoue et al., 1997; Dreyfuss, 1998; Xie et al., 1998; Page et al., 2004).
Mutants display a photosynthetic defect because blocking production of cytochrome f
reduces accumulation of the b4f photosynthetic complex. An additional advantage of C.
reinhardtii is the fact that it has a nuclear encoded, facultative c-type cytochrome termed
cytochrome c¢ that will replace the copper containing protein plastocyanin in copper
deficiency. All ccs mutants exhibit a block at a post-translational step which is common
to the biogenesis of both molecules. Indeed, the application of pulse-chase experiments
revealed that both plastid apocytochromes ¢ are synthesized, imported in the plastid and
processed by lumen-resident signal peptidase but not converted to their respective
holoforms (Howe and Merchant, 1993, 1994; Xie et al., 1998; Balczun et al., 2005).
Based on these experiments, it was concluded that the ccs mutants exhibit a defect at the

level of the heme attachment step, which occurs in the thylakoid lumen (Howe and

Merchant, 1993, 1994; Xie et al., 1998). This defect is specific to plastid c-type
cytochromes because other lumen-resident proteins such as plastocyanin (a copper
containing protein) are assembled normally in the ccs mutants (Howe and Merchant,
1993, 1994; Xie et al., 1998). This allows efficient screening for mutants defective in the
production of both cytochromes c.

The heme handling and delivery component of this system is proposed to partially
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be fulfilled by CCSI1, an integral membrane protein with a large lumenal domain
(Dreyfuss et al., 2003). The nuclear encoded CCS1 of Chlamydomonas is found in the
thylakoid membrane as a complex with the proposed synthetase, CcsA (Hamel et al.,
2003). CcsA is a multiple transmembrane domain protein, encoded by the plastid
genome of Chlamydomonas (Allen et al., 2007). Its function in a complex with CCS1 is
emphasized by the fact that in some organisms, such as Helicobacter pylori, these two
proteins are fused (Frawley and Kranz, 2009; Kern et al., 2010b). This fusion protein,
CcsBA, is sufficient to complement the cytochrome ¢ synthetase function of an E. coli
mutant with the entire System I operon ccmABCDEFGH deleted (Frawley and Kranz,
2009). If the binding domain of CcsBA is extrapolated to Chlamydomonas, it can be
assumed that two conserved histidines on the stromal side of the membrane, one in CCS1
and the other in CcsA, form a noncovalent b-type cytochrome binding pocket (Frawley
and Kranz, 2009). Interestingly, some organisms, such as Wolinella succinogenes,
encode as many as three homologs of CcsBA, apparently because of the need for specific
factors for heme attachment to apoproteins with multiple -CXXC- motifs or the
uncharacteristic -CXXCK- motif (Kern et al., 2010b).

In addition to heme attachment, two factors are necessary for the reduction of the
apocytochrome prior to heme attachment in organisms using System II. The first of these
is CcdA, a transmembrane spanning protein with some homology to the bacterial thiol-
disulfide transporter, DsbD (Katzen and Beckwith, 2002; Katzen et al., 2002). Using the
reducing power of stromal localized thioredoxin, CcdA passes electrons to a lumen-
facing thioredoxin-like protein called CCS5 (Gabilly et al., 2010), which reduces a

disulfide in the CXXCH motif in apocytochromes c. In bacteria, it seems that the
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CcsA/Cesl proteins for heme delivery and attachment and the operation of a thioreducing
pathway are all that is required for heme attachment. (Kranz et al., 1998; Beckett et al.,
2000). However, mutant screening of Chlamydomonas reinhardtii has revealed four
additional nuclear ccs mutants (ccs2, ces3, ccs4 and ccs6) (Howe and Merchant, 1992;
Inoue et al., 1997; Xie et al., 1998; Page et al., 2004) indicating that additional factors are
needed for assembly of cytochromes c in the plastid.

In this article, we report the molecular identification of the CCS2 locus by
functional complementation. The CCS2 gene encodes a 170 kDa protein that is targeted
to the chloroplast. The CCS2 protein was previously identified by bioinformatics to be a
member of the octatricopepide repeat (OPR) family (Eberhard et al., 2011).

RESULTS
Cloning of CCS2 by functional complementation.

Using the amenable photosynthetic deficient phenotype of the ccs mutants, we
deigned to clone the CCS2 gene via transformation of a ccs2-2 arg7-8 mutant with an
indexed cosmid library (Purton and Rochaix, 1994). Since the phenotype of the ccs2-2
allele is extremely light sensitive, we were able to co-select for complementing
transformants on minimal media supplemented with 1% acetate. This allowed selection
to occur in seven days instead of the standard ten.

Two of the transformed pools restored photosynthetic growth to the ccs2-2
mutant. After isolation of the complementing cosmids G6 and D9 from pools 8 and 5
respectively, sequence results identified the cosmid G6 insert as containing a 30.2kb
region from chromosome 19. By sequencing data, the second cosmid appeared to have

rearranged. Therefore, all further work was done with cosmid G6.
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Restriction digest analysis of cosmid G6 reduced the complementing fragment to
8.2kb. A smaller, 6.9kb fragment produced by digesting with Apol also complemented,
but less robustly. Determination of the CCS2 cDNA sequence showed that Apol cuts 135
bp upstream of the ATG, suggesting the promoter is interrupted in this fragment. Cosmid
G6 and the cloned 8.2kb fragment complemented alleles ccs2-1 through ccs2-5, restoring
photosynthetic growth (Figure 8A), wildtype fluorescence rise and decay kinetics (Figure
8B and not shown) and both holo-cytochrome f'and cytochrome ¢ accumulation (Figure

9A and B).
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Figure 8 - An OPR Gene Restores Photoautotropic Growth to the ccs2 Alleles. For A
and B, complemented mutants have been transformed with the 8.2 kb genomic
fragment. A, 10-fold dilution series of representative ccs2 and complemented strains
under respiratory, low light (.6 uE) and phototrophic, high light (50 uE) conditions for
1 week at 22°C. B, Representative fluorescence kinetics of ccs2-2 indicates restoration
of cytochrome bgf in the complemented mutant. A.U., Arbitrary Units.

CCS2 encodes a 170 kDa protein of the OPR family.

Because of the large size, low abundance and high (80%) GC content of the CCS2
mRNA, the full-length cDNA proved difficult to amplify. This trouble is common when
working with assembly factors in Chlamydomonas (Balczun et al., 2005). Instead, the

sequence of the transcript was amplified in overlapping, 2 kb sections. The complete
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cDNA was then extrapolated by aligning these pieces along the genomic sequence. The
deduced intron/exon boundries can be seen in Figure 10A and extended the 5' end of the
annotated sequence. Chlamydomonas transcriptome 454 reads corroborate this transcript

sequence (http://genomes.mcdb.ucla.edu/Cre454/). All complementation and expression

work was henceforth accomplished with the genomic sequence.
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Figure 9 - Restoration of Cytochrome ¢ and CCS5 Accumulation in Complemented
Mutants. For A, B and C, ccs2 alleles have been complemented with 8.2 kb genomic
fragment. A, Wild Type (cc124), the ccs2 alleles and two independent transformants
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were analyzed for cytochrome f accumulation via heme stain and anti-cyt f
immunoblot. Anti-CF1 of the ATPase is shown as a loading control while dilutions of
the wild type sample indicates degree of restoration. B, Same as in A, except only one
transformant is shown, immunblot corresponds to anti-cytochrome c6 and Ponceau
staining is shown as a loading control. C. Same as in B, except immunoblot is anti-
CCS5S.

The deduced protein sequence can be seen in Figure 11A. The OPR motifs are
highlighted and a consensus OPR sequence from all OPR containing genes functionally
identified to date can be seen in Figure 11C. The OPR family is further characterized by
the presence of low complexity regions, often of alanine, glycine or glutamine repeats.
The relative locations of the motifs in the proteins used to deduce Figure 11C can be seen
in Figure 11B, as well as the locations of the glutamine rich regions in these proteins.

MCAI1 is included as an example of a Chlamydomonas PPR proteins.
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Figure 10 - Identification of the CCS2 cDNA and Allele Mutations. A, Schemata of CCS?2
cDNA and its extraction. Introns are shown in gray, exons in black, cDNA products as
dashed lines and primers indicated as arrows. Primers are numbered as ccs2.#, where
# is the given primer name, as listed in Supplementary Materials. B, Identified
mutations in ccs2 alleles. Top line indicates the mutation position within the cDNA,
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lower line indicates the change within the protein.
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Figure 11 - Features of the Deduced CCS2. A, Full-length protein sequence. Light gray
text indicates the peptide used for GFP targeting, light gray highlighting indicates OPRs,
the underlined portion contains the most conserved region. B, Schemata generated by
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proteins. MCAI is included as an example of a PPR protein. Heights of blocks indicate
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In order to further characterize the CCS2 protein, a series of carboxy-terminus HA
tagged proteins were constructed using the 8.2kb fragment. These were either left under
the control of their own promoter or over-expressed by replacing the 880 bp upstream of
the ATG with that of psaD. Immunoblot analysis against whole cell extracts from these
transformants over-expressing the CCS2 protein tagged at the carboxy-terminus revealed
that CCS2 runs at the predicted size (Figure 12B). Unexpectedly, a second band also
appeared at ~200 kDa. A similar pattern was seen for the control protein, MCAI,
suggesting this higher band may be a result of poor solubilization because of the

extraction methods needed to visualize the protein (See Materials and Methods).
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Figure 12 - Characterization of CCS2-HA. For A and B, a cell wall minus ccs2-1 strain
was transformed with, in sequence: 8.2 kb genomic fragment, HA tagged CCS2, CCS2
under the PsaB promoter and HA tagged CCS2 under the PsaD promoter. A, 10-fold
dilution series of strains described under respiratory, low light (.6 uE) and
phototrophic, high light (50 uE) conditions for 1 week at 22°C. B, Anti-HA blot
against these same strains and HA tagged MCA as a control. The (*) indicates the
CCS2-HA under native promoter. Ponceau staining serves as a loading control.
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Localization.

ChloroP (Emanuelsson et al., 1999) and WoLF PSORT (Horton et al., 2007) both
predict a chloroplast targeting sequence. Extraction methods necessary for visualization
of the CCS2-HA tagged protein precluded subcellular fractionation, so to test this
prediction in vivo, we constructed a CCS2/GFP fusion gene composed of the first one
hundred codons of CCS2, optimized for expression in A. thaliana, fused to the amino-
terminus of GFP. This construct, pGWBS5/cc2target, was transformed into Nicotiana
benthamiana. Fluorescence microscopy shows clear overlay of GFP fluorescence and
chlorophyll auto-fluorescence (Figure 13). This supports the predictions for chloroplast

localization.
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Figure 13 - Localization of GFP to Chloroplast by CCS2 Targeting Sequence. The top
row shows N. benthimiana protoplasts transformed with CCS2 targeting sequence
fused to GFP. The bottom row shows negative control, GFP targeted to nucleus and
cytoplasm.
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Essential domains are located in C-terminus.

Sequencing of the ccs2 alleles showed that all mutations introduced nonsense or
frameshift mutations which were translated into changes near the amino-terminus of the
protein, except for the ccs2-2 allele (Figure 10B). The mutation in this allele appears to
have occurred at an intron/exon boundary in the fourth intron, implicating that the
carboxy-terminus of the protein is essential for function (Figure 10). In addition,
introduction of an internal HA tag at a unique BspEI disrupts complementation while a
similar tag at BsiWI still complements, these correspond to sites near the amino- and
carboxy-termini respectively.

Specific effects of the ccs2 mutation.

To explore the effects of the ccs2 mutations on additional System II components,
the accumulation of CCS5 was revealed by immunoblot. As seen in Figure 9C, levels of
CCSS are reduced in the ccs2 mutants. This is unlike CCSS5 levels in ccs mutants ces4-1
(Gabilly et al., 2011) and a ccs4 mutant, B6 (not shown) which are unaffected. The
reduced accumulation of CCS5 suggests that CCS2 may be involved the thio-reduction
pathway for cytochrome ¢ assembly. Therefore, we explored the hypothesis that one of
the five ccs2 strains could rescued by the addition of oxidizing cysteines or reducing DTT
or MesNa reagent to the media, but no suppression of the cytochrome ¢ deficient growth
phenotype was observed (not shown). While not ruling out the possibility, this argues
against CCS2 having a direct role in reduction of the cysteine thiols. We also saw no
suppression of the photosynthetic deficient phenotype via nuclear transformation of

known System II components CCS1, CCDA or CCS5 genomic DNA (not shown).
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MATERIALS AND METHODS
Strains and culture condition.

The mutant strains ccs2-1 through ccs2-5 were used in complementation
experiments. Mutants ccs2-1 and ccs2-2 were crossed to wildtype strain cc124 (arg7-8)
to generate the ccs2-1 arg7-8 and ccs2-2 arg7-8 strains. The ccs2-1 arg7-8 mutant was
then crossed with wildtype strain CC425 (arg7-8 cwl5) to generate the ccs2-1 arg7-8
cwl5 mutant used for tagged complementation. Proving to be the most amenable to
manipulation, ccs2-2 arg7-8 strain #24 was used for transformation. Strains were
maintained at 22°C on TAP supplemented with 400 mg/mL arginine at .6 pE. For protein
work, wildtype and complemented strains were grown in liquid TAP supplemented with
arginine under 50 uE while ccs mutants were grown under .6 pE light. Cell wall mutants
were cultured in liquid and on solid medias supplemented with 50 mM sorbitol. Copper-
free media was prepared as described previously (Howe and Merchant, 1992; Quinn and
Merchant, 1998).

Complementation.

An index cosmid library was transformed as described by (Purton and Rochaix,
1994) with the following exceptions: The vector backbone was pCB412 and the
transformation required a 30 minute incubation in autolysin followed by electroporation
of 5 ng of DNA per pool on a Biorad Micropulser at 1300 V. Transformants were
selected under 50 nE light on minimal media supplemented with 1 mL Tris-Acetate. All

subsequent transformations were performed in the same manner.
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Constructs.

Plasmid pMOL+8.2kb was generated by cloning the 8.2kb genomic fragment (cut
BamHI/HindIll), isolated from cosmid pool #8, row G column 6, into BamHI/HindIII cut
pMOLUC (Cha et al., 2002). This plasmid served as the basis for promoter and tagging
experiments. Internal HA tags were created by cutting pMOL+8.2kb by BsiWI or BspEI
and inserting the HA tag via infusion. The HA-tag insert was generated by PCR based
fill-in of primers CCS2-HA BsiW1-F and CCS2-HA BsiWI1-R or CCS2-HA BspEI-F
and CCS2-HA BspEI-R. All sequencing was performed by Agencourt, Quicklane
Express. All primer sequences can be found in Supplemental Table 1.

Carboxy-terminus 3xHA tags were generated by initial restriction digest of
pMOL+8.2kb by BsiWI and PshA1 and insertion of a 200 bp fragment synthesized by
Genscript (in plasmid pUC57+ccs2bits) that changed the stop codon into an alanine and
added the restriction sites Xbal, Swal and Spel just 3' of the gene. This fragment was
amplified by primers CCS2-BsiWI-F and CCS2-PshAI-R and cloned using In-Fusion®
(CloneTech) to create plasmid p8-noS. This plasmid was this digested by Xbal and Spel
and a 3xHA tag, created through PCR fill-in of primers 8.3xHA-f and 8.3xHA-r, was
inserted via in-fusion cloning. This created vector p8-3xHA. The psaD promoter and
no-promoter constructs were generated in a similar manner. A 300 bp fragment was
amplified from pUCS57+ccs2bits using primers CCS2-Xceml.R and CCS2-Xcml.F and
inserted via in-fusion cloning after digestion of pMOL+8.2kb and p8-3xHA by Xcml.
This created plasmids p8-noP and p8-3xHAnoP. These constructs were then used to
generate plasmids p8-PROM and p8-3xHA+P. To create these vectors, the psaD

promoter was amplified from plasmid pSL18 using primers 8.PROM-f and 8. PROM-r
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and inserted via In-Fusion® cloning at the introduced restriction sites Bg/II and Xhol.

pGWB5/ccs2target was constructed from pUCS57+ccs2targeting, which contains
the first 300 bp from CCS2, synthesized and codon optimized for expression in A.
thaliana by GenScript. Using primers CCS2.tl and CCS2.t2, the targeting sequence was
amplified and then inserted in frame with the GFP reporter in the expression vector
pGWBS using entry vector pPENTR/SD/TOPO via TOPO cloning.

cDNA extraction: cDNA was retrieved from RNA extracted as described in
(Barbieri et al., 2011). Reverse transcription was performed using a bacterial reverse
transcriptase from the Roche Transcriptor High Fidelity c¢cDNA Synthesis Kit
(05081955001) and gene specific primers ccs2.30 and ccs2.66stp.  Fragments were
amplified with the following primer pairs: ccs2.69 and ccs2.66stp, ccs2.19 and ccs2.54,
ccs2.21 and ccs2.18, ccs2.79 and ccs2.02, ccs2.27 and ccs2.28, ccs2.51 and ccs2.26, and
finally ccs2.81atg and ccs2.70. using DV Ready Mix (Sigma). Positive bands were gel
isolated, re-amplified and AT-cloned into pPGEM-T Easy for sequencing.

Immunoblots.

Immunoblots and heme stains of cytochrome f'and ¢ were performed as in Howe
and Merchant 1992. CCSS5 blots were performed as in (Gabilly et al., 2010). HA blots
were performed on cells prepped as follows: Cells were grown at low light to low log
phase and them moved into hight light for 5 hours. Cells were then pelleted and washed
in 1 mL NaPQO, buffer.

Chlorophyll Auto-fluorescence.

Measurements were taken as described in (Gabilly et al., 2010) except that strains

were inoculated in 3 mL TARG and grown O/N at 22°C and .6 pE with shaking.
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Readings were taken on 20 pL drops of culture placed over a white background.

GFP Fluorescence.

N. benthamiana was transformed with Agrobacterium via infiltration after a one
hour incubation in Induction Medium (10 mM MgCl2, 10 mM MES, 100 uM
Acetosyringone). After three days, protoplasts were extracted by a 30 minute incubation
in Digestion Buffer (1.5% cellulose, 0.4% macerozyme, 0.4 M mannitol, 20 mM KCI, 20
mM MES-KOH pH 5.5, 10 mM CaCl,, 0.1% BSA) and concentrated with a 1 second
spin at 100 RPM. Supernatant was removed and protoplasts were re-suspended in 100
puL Digestion Buffer. GFP measurements were taken at 515 nm and chlorophyll auto-
fluorescence at 650 nm on a Nikon C2 confocal microscope (Eclipse C90i) using a
medium aperture and NIS-Elements software.

OPR Protein Domains

Information for image was generated by MEME (Bailey and Elkan, 1994).
Individual protein sequences were entered into the program and base settings were altered
to look for any number of motifs per protein that were at least 28 amino acids long. The
OPR motifs identified by the MEME program were feed into Weblogo 3.2 (Crooks et al.,
2004). Sequences used for these images can be found in supplemental data.

DISCUSSION
Identification of CCS2 as an OPR protein needed for cytochrome c assembly

Here we have identified CCS2, a chloroplast localized cytochrome ¢ assembly
factor that, based on primary sequence homology, appears to be unique to specific

branches of the green algal lineage. This protein has been identified as a member of the
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recently designated OPR family (Eberhard et al., 2011). Like tetratricopeptide repeat
(TPR) and pentatricopeptide repeat (PPR) proteins, these OPRs are defined by loosely
conserved repeats, either of 38 (OPR), 34 (TPR) or 35 (PPR) amino acids. TPRs tend to
be involved in protein-protein interactions (reviewed in (D'Andrea and Regan, 2003),
while PPRs are an expanded family in plants (Lurin et al., 2004) and are known for their
interactions with RNA (reviewed in (Schmitz-Linneweber and Small, 2008).
Crystallization has shown that both TPRs and PPRs are organized as a series of anti-
parallel a-helices and protein predictions using I-TASSER (Zhang, 2008; Roy et al.,
2010) suggest that the OPR proteins are organized in a similar manner (not shown).

Similar to the PPR expansion seen in plants, certain branches of the green algal,
such as Volvocales and Mamielles, seem to have an expansion in the number of these
OPR domain containing proteins (Eberhard et al., 2011). All OPR factors that have been
assigned a function to date are displayed in Figure 11B. These proteins, barring CCS2,
were all identified genetically as being involved in RNA maturation or translational
regulation of transcripts in the chloroplast of Chlamydomonas. For instance, TBC2
(translation factor for chloroplast psbC mRNA) and TDAI are two factors involved in the
translation of the psbC and atpA transcripts respectively (Auchincloss et al., 2002;
Eberhard et al., 2011) while RAA1 (RNA maturation of psad) and RAT2 (RNA
maturation of psad tscA RNA) have been identified as being involved in RNA maturation
(Balczun et al., 2005; Merendino et al., 2006).

These and other OPR proteins identified by bioinformatics are characteristically
around 100 kDa with two to twelve of these leucine rich repeats — the count per protein

can fluctuate depending on how stringently one defines a single OPR. These repeats are
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not highly conserved. For instance, while CCS2 repeats are characterized by a LWALAR
motif, TBC2 and TDAI repeats are most readily identified by a PPPEW repeat
(Auchincloss et al., 2002; Eberhard et al., 2011). The repeats are generally 38 amino
acids long and, while they are sometimes repeated one after another, at other times they
can be separated by gaps, often by stretches of innocuous amino acids such as alanine
(Figure 11B). These repeats are found primarily inside the protein while the carboxyl-
and amino-termini are characterized by stretches of single amino acid repeats.
Interestingly, there is often a poly-glutamine region upstream of the OPR region (Figure
11B), which could be involved in the function of the proteins.

Considering its inclusion in the OPR family, it is possible that CCS2 is involved
in the maturation or stabilization of the chloroplast encoded CcsA transcript (Xie and
Merchant, 1996). However, levels of CcsA transcript in the ccs? mutants were
previously shown to be unaltered (Xie et al., 1998), indicating that this is not the case.
Furthermore, addition of RNase to protein samples did not shift the size of CCS2 seen in
Figure 12B, so the higher band is not a RNase susceptible complex (not shown). That
leaves the hypothesis that CCS2 is involved in the translation of CcsA still viable.
However, if CCS2 is involved in the translation of CcsA, the reduction of CCS5
accumulation in the ccs2 mutants must be explained, as CCSS5 still accumulates to wild
type levels in the ccs4-1 truncation mutants (Gabilly et al., 2011). These phenotypes may
be explained if CCSS5 levels are down in the ccs! or delta-cytf mutants, which would
implicate CCS5 accumulation is dependent upon cytochrome f transcription or
translation, as the cytochrome ¢ minus phenotypes of both the ccs4-1 and the ccsA B6

mutants are leaky. These experiments are in progress.
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Another possibility is that CCS2 is a new class of OPR and functions more like a
TPR containing protein, stabilizing the System II factors via protein-protein interactions.
While a complex has been identified containing CCS1, the observed complex migrated at
approximately 200 kDa (Hamel et al., 2003). It is unlikely that both CCS1 (60 kDa) and
CCS2 (170 kDa) are the solitary constituents in this complex, as it dissipates in a ccs4
mutant (Hamel et al., 2003). This tells us that if CCS2 is a stabilizing factor, it is
probably not a part of this particular complex, but it does not rule out the presence of
CCS2 in a second complex.

Unique Cytochrome ¢ Assembly Factors

While it is unusual to find proteins without widespread orthologs involved in the
production of cytochrome cs, these unique factors seem more common in plastid
biogenesis systems. For instance, the Arabidopsis genome encodes for a PORR (plant
organellar RNA recognition) protein involved in removing group 2 introns from the
mitochondrial ccmF, transcript (Francs-Small et al., 2011). CemkF, the proposed System I
heme synthetase, is encoded by three genes in Arabidopsis: CcmFy;, CemFy; and CemFe
(Rayapuram et al., 2008). The inability of the w#f9 mutant to mature this transcript
results in a cytochrome f minus phenotype (Francs-Small et al., 2011). Meanwhile, a
PPR protein, PpPPR-71, has been identified as being involved in the editing of the CcmF,
transcript in P. patens (Tasaki and Sugita, 2010) which results in the same phenotype. In
addition, our own research has revealed a new factor involved in cytochrome ¢ assembly,
CCS4, as a component of the disulfide reducing pathway. Although bioinformatic
searches using the 93-amino acid sequence of CCS4 revealed few orthologs and no

known motifs (Gabilly et al., 2011), a protein with a loosely similar structure, HCF153
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was identified separately as being involved in cytochrome ¢ assembly in Arabidopsis by
mutagenesis (Lennartz et al., 2006). As a result of the increasing number of factors
emerging in the plastid, such as CCS2 and CCS4, that do not seem to be necessary for
bacterial assembly of cytochromes ¢, we propose that an additional qualification be made
for System II*: defined as System II in the plastid of eukaryotic organisms.

Implications of Unique Assembly Factors

The uniqueness of Chlamydomonas proteins does not argue against its use as a
model system. In fact, it shows us how necessary it is to ensure that the diversity of
model systems is expanded. Research on unique Chlamydomonas proteins such as the
atypical stator-stalk of the ATP synthase (Vazquez-Acevedo et al., 2006) or the iron
scavenging protein FEA1 (Allen et al., 2007) has provided possibilities for solutions to
medical problems and plant bioengineering to improve iron uptake. As an example, the
protein FEA1 is currently being investigated as a possible method for improving crop
production in nutrient poor soils (Leyva-Guerrero et al., 2012). Similarly, it is possible to
suggest the introduction of the facultative Cyt ¢4 into land plants for growth in low iron or
high copper soils. However, introduction of this protein will require a greater
understanding of its assembly for efficient expression — for instance, we may find that
effective expression of this protein requires co-tranformation with a specific assembly
factor such as CCS2.

In addition, this finding emphasizes the continued role forward genetics must
continue to play in our scientific inquiry into the world. The inability of current
bioinformatic techniques to identify similarities between CCS4 and HCF153 reveals how

inefficient these programs may still be at identifying functional homologs. While on the
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other hand, it is becoming more apparent that primary sequence homology does not
necessarily indicate functional homology. Findings such as these do not discredit
bioinformatics. Instead, they push us to continue basic research in the hopes of
improving search algorithms and functional predictions. Such improvements will allow
us to stream-line the scientific process, saving time and money by improving the

accuracy rate of hypothesis generation.
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Abstract

Here we identify Arabidopsis thaliana LTO1 (Lumen Thiol Oxido-reductase 1) as
a disulfide bond-forming enzyme in the thylakoid lumen. Using topological reporters in
bacteria, we deduced a lumenal location for the redox active domains of the protein.
LTO1 can partially substitute for the proteins catalyzing disulfide bond formation in the
bacterial periplasm, which is topologically equivalent to the plastid lumen. An insertional
mutation within the L7O!I promoter is associated with a severe photoautotrophic growth
defect. Measurements of the photosynthetic activity indicate that the /to/ mutant displays
a limitation in the electron flow from photosystem II (PSII). In accord with these
measurements, we noted a severe depletion of the structural subunits of PSII but no
change in the accumulation of the cytochrome b¢f complex or photosystem I. In a yeast
two-hybrid assay, the thioredoxin-like domain of LTO1 interacts with PsbO, a lumenal
PSII subunit known to be disulfide bonded, and a recombinant form of the molecule can
introduce a disulfide bond in PsbO in vitro. The documentation of a sulfthydryl oxidizing
activity in the thylakoid lumen further underscores the importance of catalyzed thiol-
disulfide chemistry for the biogenesis of the thylakoid compartment.

Introduction

Thiol-disulfide chemistry is an essential process for the biogenesis of the bacterial
periplasm, the mitochondrial intermembrane space (IMS) and the thylakoid lumen.
Strikingly, each compartment appears to have unique redox enzymes that oxidize
sulthydryls (thio-oxidation) and reduce disulfide bonds (thio-reduction) in target proteins
(Herrmann et al., 2009; Depuydt et al., 2011; Kadokura and Beckwith, 2011).

In the periplasmic spaces of most proteobacteria, the thio-oxidizing pathway
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consists of a disulfide bond catalyzing system defined by soluble DsbA and membrane-
bound DsbB (Dsb for disulfide bond) (Heras et al., 2009; Depuydt et al., 2011; Kadokura
and Beckwith, 2011). DsbA catalyzes disulfide bridge formation on cysteine containing
substrates that are translocated across the membrane into the periplasmic space. DsbB
operates by recycling reduced DsbA to its oxidized form with transfer of the electrons to
quinones, which are membrane-soluble redox carriers in the respiratory chain. A central
component of the thio-reducing pathway is the thiol-disulfide transporter DsbD/CcdA
(Ccd for cytochrome ¢ deficiency). This protein conveys reducing power from the cytosol
to several periplasmic protein targets whose activity requires reduced thiols. DsbD/CcdA
maintains the reduction state of oxido-reductases that shuffle disulfide bonds that are
incorrectly formed and protect proteins containing a single cysteine from hyperoxidation
(Depuydt et al., 2011; Kadokura and Beckwith, 2011). DsbD/CcdA is also needed to
reduce the active site of a disulfide reductase involved in the assembly of cytochromes c,
a class of metalloproteins with a heme covalently attached to a CXXCH motif. The
accepted view is that the CXXCH motif is first oxidized by the Dsb machinery and then
reduced by the disulfide reductase in order to provide free sulthydryls for the heme
attachment (Bonnard et al., 2010; Sanders et al., 2010).

While the presence of thiol-metabolizing pathways is well established in bacteria,
there was little support for the operation of thiol-based chemistry in the mitochondrial
IMS and the thylakoid lumen, which are topologically equivalent to the bacterial
periplasm. Recent discoveries in both organelles have now changed this perception. In
mitochondria, Mia40p/Ervlp (Mia for Mitochondrial intermembrane space import and

assembly, Erv for Essential for respiration and viability) proteins were found to be key
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enzymes of a disulfide relay system driving the import of cysteine-rich proteins into the
IMS (Depuydt et al., 2011; Riemer et al., 2011; Sideris and Tokatlidis, 2011). Although
unrelated in sequence, Miad40p/Ervlp are functionally equivalent to bacterial
DsbA/DsbB. Mia40p introduces disulfide bonds into protein targets and is recycled back
to its oxidized form by the flavoprotein Ervlp, which transfers the electrons to
cytochrome c, a soluble redox shuttle in the IMS. By analogy to the bacterial pathways,
the participation of thio-reducing factors in the IMS is expected. The flavoprotein Cyc2p
(Cyc for cytochrome ¢) and CemH (Cem for cytochrome ¢ maturation), an oxido-
reductase implicated in cytochrome ¢ maturation, were proposed to act as a disulfide
reductase, but this still awaits experimental validation (Bernard et al., 2005; Meyer et al.,
2005; Corvest et al., 2010).

In the thylakoid lumen, the involvement of a thio-reducing pathway was
established through classical and reverse genetics approaches. Components of this
pathway include a thiol/disulfide membrane transporter of the CcdA/DsbD family and
CCS5/HCF164 (cytochrome ¢ synthesis /high chlorophyll fluorescence), a membrane-
anchored, lumen facing, thioredoxin-like protein. These proteins define a trans-thylakoid
pathway for the delivery of reductants from stroma to lumen (Lennartz et al., 2001; Page
et al., 2004; Motohashi and Hisabori, 2006; Gabilly et al., 2010; Motohashi and Hisabori,
2010; Gabilly et al., 2011). Operation of the trans-thylakoid pathway is needed to reduce
disulfides in target proteins, a process essential for photosynthesis (Lennartz et al., 2001;
Page et al., 2004; Gabilly et al., 2010; Gabilly et al., 2011).

The identities of the thio-oxidizing catalysts in the lumen are currently unknown

and no DsbA- or DsbB-like enzymes can be detected in the genomes of cyanobacteria,
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which are the presumed ancestors of chloroplasts. However, disulfide bonded proteins
are present in this compartment and include not only known structural components such
as PsbO, a subunit of photosystem II (Burnap et al., 1994; Betts et al., 1996; Wyman and
Yocum, 2005), and Rieske, a subunit of the cytochrome b¢f complex (Carrell et al.,
1997), but also molecules participating in the assembly/regulation of the photosynthetic
chain (Gupta et al., 2002; Gopalan et al., 2004). The operation of one or more disulfide
bond forming catalysts in the thylakoid lumen is supported by the finding that bacterial
alkaline phosphatase (PhoA), an enzyme requiring two disulfide bonds for activity, is
active when targeted to this compartment in tobacco (Sone et al., 1997; Bally et al.,
2008).

Recently, a novel class of disulfide bond forming enzymes has been proposed to
control disulfide bond formation. This class has similarity to VKOR (vitamin K epoxide
reductase) and was recognized in cyanobacteria (Singh et al., 2008; Li et al., 2010), some
bacterial phyla lacking the typical DsbAB components (Dutton et al., 2008; Dutton et al.,
2010; Wang et al., 2011) and the green lineage (Grossman et al., 2011). The VKOR-like
proteins were defined based on the presence of a redox domain containing two cysteine
pairs. This domain is related to the one present in VKOR, an integral membrane protein
of the endoplasmic reticulum (ER) (Goodstadt and Ponting, 2004; Dutton et al., 2008;
Furt et al., 2010). VKOR is well studied for its involvement in the reduction of vitamin
K, a phylloquinone required as a co-factor for the y-carboxylation of clotting factors in
blood (Tie and Stafford, 2008). The recent identification of TMX (TMX for
Transmembrane oxidoreductase), a membrane anchored thioredoxin-like protein, as a

redox partner of VKOR suggests that the enzymatic activity of VKOR is also linked to
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oxidative folding of proteins in the ER lumen (Schulman et al., 2011). One current view
is that TMX (and possibly other disulfide bond forming proteins such as PDI, the ER
resident protein disulfide isomerase) catalyzes disulfide bond formation in protein targets
and is recycled to its oxidized form via thiol-disulfide relay within the VKOR domain,
the final electron acceptor being vitamin K epoxide in the membrane (Rishavy et al.,
2011; Schulman et al., 2011).

In the plant A. thaliana, a VKOR-like protein localizes to the plastid (Furt et al.,
2010) and is detected at the thylakoid membrane by proteomic analysis (Zybailov et al.,
2008). However, its function in plastid biogenesis has so far remained elusive (Furt et al.,
2010). In this manuscript, we have investigated the function of plastid LTO1 (Lumen
Thiol Oxido-reductase 1), the Arabidopsis VKOR-like protein. Genetic and biochemical
studies indicate that LTO1 is required for the assembly of PSII through the formation of a
disulfide bond in PsbO, a subunit of the PSII oxygen evolving complex (OEC) that
resides in the lumen.

Results

LTO1, a VKOR-like protein at the thylakoid membrane, is conserved in

photosynthetic eukaryotes

A protein displaying a membrane domain with similarity to VKOR (Fitamin K
epoxide reductase) and fused to a thioredoxin-like domain was identified in all sequenced
genomes of photosynthetic eukaryotes (Tie and Stafford, 2008). We name this protein
LTO1 (for Lumen Thiol Oxido-reductase 1). LTO1-like proteins are predicted to be
polytopic membrane polypeptides with five to six transmembrane domains and contain

seven strictly conserved cysteines (with the exception of the Volvox and Chlorella
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proteins) (Supplemental Figure 1 online). Four of the cysteines are arranged in two
motifs: CXXC and WCXXC. The WCXXC motif is part of a thioredoxin-like domain that
is absent from VKOR and some bacterial VKOR-like proteins (Goodstadt and Ponting,

2004).
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Figure 14 - Proposed topological arrangement of plastid Arabidopsis LTO1.
The proposed topological arrangement of Arabidopsis LTO1 in the thylakoid membrane
was deduced from the analysis of PhoA/LacZa sandwich fusions expressed in bacteria
(Table 3 - Topological analysis of Arabidopsis LTO1 from PhoA and LacZ fusion
analysis. Measurements of alkaline phosphatase (PhoA) and B-galactosidase (LacZ)
activities of sandwich fusions at the indicated positions within LTO1. Measurements were
taken on at least two separate bacterial clones and correspond to an average of three
representative measurements. The £S.D. is indicated for those measurements. Fusion
numbers correspond to those indicated in Figure 14. Values are expressed in arbitrary
units for LacZ and Miller units for PhoA. The p-side corresponds to the bacterial
periplasm and the lumen of the chloroplast, while the n-side corresponds to the bacterial
cytoplasm and the stroma of the chloroplast.). The p-side corresponds to the lumen of the
thylakoid and the n-side corresponds to the stroma of the chloroplast. LTO1 is
represented as a thick thread with its transmembrane domains in the lipid bi-layer and
extra-membranous regions. The LTO1 N-terminal end faces the stroma while the C-
terminal domain, corresponding to the thioredoxin-like domain, is exposed to the
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thylakoid lumen. The arrows indicate the positions of in-frame sandwich fusions with the
Pho-Lac mini-reporter, which corresponds to alkaline phosphatase fused to the o
fragment of 3-galactosidase. Fusions at positions 74 (7), 113 (2), 191 (3), 195 (4) and 573
(5) are indicated on the drawing by arrows. Strictly conserved cysteines are marked (C).
Conserved cysteines within CXXC motifs are highlighted in white.
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Figure 15 - Arabidopsis LTO1 partially complements the E. coli dsbAB
mutant for disulfide bond formation. Strains are wild-type HK295 (pBAD24), AdsbAB
HK329 (pBAD24) and AdsbAB HK329 (pLTO200). 4, Complementation of the motility
phenotype in dsbAB mutants by Arabidopsis LTOI1. Representative motility phenotype of
wild-type (WT), AdsbAB, and AdsbAB bacterial strains expressing LTOl under an
arabinose-inducible promoter (+/-ara) on M9 solid media. B, Quantification of motility
phenotype represented in A. Each bar represents the standard deviation from 10
independent plate measurements. C, Complementation of the phoA-deficient phenotype
in dsbAB mutants by LTOI.Each bar represents the standard deviation from three
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separate measurements of PhoA activity. D, Complementation of the growth phenotype in
dsbAB mutants by LTOI. In all plates in panel D, the top left sector was inoculated with
HK295 (pBAD24), the top right sector was inoculated with HK329 (pBAD24), and the
bottom sector was inoculated with HK329 (pLT0200).
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Figure 16 - Knock-down of LTO1 results in a growth defect. A, Structure of
LTOI and SENI. Black boxes represent exons and thin lines correspond to introns in
SENI and LTOI. The initiation codons (ATG) of SENI and LTOI are indicated. The
position of the T-DNA insertion in the SALK 15193C line is indicated. B, Expression of
LTOI. Transcripts corresponding to L70O1 and SENI were analyzed by semi-quantitative
RT-PCR in homozygous /fol and wild-type (Col-0) plants. TUB2 was used as a control
for constitutive expression. C, The ltol mutant displays a growth defect. Wild-type (Col-
0) and /fol homozygous plants are shown six weeks after seed germination on soil.

Topological analysis of LTO1

To generate a topological model of plastid LTO1, we employed PhoA and LacZ
reporters in Escherichia coli (Manoil, 1991). We have already demonstrated the
reliability of this approach in establishing the topological arrangement of three proteins in

the thylakoid membrane, which is analogous in a bioenergetic sense to the bacterial
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plasma membrane (Dreyfuss et al., 2003; Hamel et al., 2003; Page et al., 2004). We opted
to engineer PhoA-LacZa sandwich fusions at positions predicted to be at extra-
membrane locations (Supplemental Figure 1 online). High PhoA activities indicate a p-
side location for the insertion site of the fusion, since PhoA is active only in the
periplasm. Reciprocally, fusions with high LacZ activity confirm association of the a
and o fragments of B-galactosidase in the cytoplasm and therefore an n-side location of
the fusion site can be deduced. As shown in Table 3, PhoA activities for fusions 2, 3, 4
and 5 were 2.5 to 67-fold higher than the LacZ activities and a periplasmic location was
assigned for the corresponding positions in Arabidopsis LTO1. Note that it is likely that
the stability of each sandwich fusion accounts for the difference in PhoA activities.
Fusion 1 displayed a high LacZ activity but a low PhoA activity, an indication that the
fusion point is located in the cytoplasm. Based on the n- and p-side topological analogy
between the compartments of the bacteria (cytoplasm/periplasm) and those of the
thylakoid (stroma/lumen), we deduced that the N- and C- termini of LTO1 face the
stroma and the lumen, respectively, while domains containing redox motifs and
conserved cysteines are exposed to the lumen (Figure 14).

LTO1 partially complements for loss of DsbAB in bacteria

To provide further support for the proposed topology and function, we chose a
heterologous complementation assay. In this assay, an E. coli dshAB mutant was used to
test the ability of LTO1 to restore disulfide bond formation in the periplasmic space. For
this experiment, we chose an arabinose-inducible promoter to drive the expression of

full-length Arabidopsis LTO1 cDNA and monitored bacterial motility, PhoA activity and
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growth on MacConkey agar, which are dependent upon DsbAB. When Flgl, a flagellar
motor protein in the periplasmic space is not disulfide bonded, the bacteria are non-motile
(Dailey and Berg, 1993). This loss of motility can be readily visualized on low
concentration agar. As shown in Figure 15A and Figure 15B, LTO1 partially restores the
motility phenotype of a dsbAB mutant, demonstrating that the plant protein can promote
disulfide bond formation. This restoration is arabinose dependent, confirming that LTO1
is indeed responsible for the observed restored motility. The activity of periplasmic
PhoA, which requires two intramolecular disulfide bonds (Sone et al., 1997), was also
partially restored upon expression of the plant protein (Figure 15C). In addition, while E.
coli strains lacking DsbA and/or DsbB grow poorly on MacConkey agar, the dsbAB
mutant expressing LTO1 grows well on MacConkey agar supplemented with the inducer

arabinose (Table 4and Figure 15D).
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Figure 17 - The photosynthetic defect in the ltol mutant is due to a limitation
in the electron flow from photosystem II. Fluorescence induction of representative
leaves from wild-type (A) and /tol (B) plants. Fluorescence was measured using a 10-us
pulse of 430-nm light and appropriate filters to transmit red light. Actinic illumination
provided by 520-nm LEDs (1.4 mmol photons m™ s™) commenced immediately after
taking Fy and Fy values at time 0. At each time point, fluorescence immediately before
(Fo’, open circles) and after (Fy’, filled circles) a 80-ms saturating pulse was measured
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during a brief window in which the actinic light was off (see Methods for details). After 2
minutes, the actinic light was extinguished and the recovery of fluorescence was followed
in the same manner. The variable fluorescence at each point (Fy’ = Fy’ - Fy’) is also
shown as gray triangles. All fluorescence values were normalized to Fy, and thus what is
shown is actually Fy’/Fy (filled circles), Fy’/Fy (open circles), and Fy’/Fy (gray
triangles).

We conclude that LTO1 partially compensates for the loss of bacterial DsbAB and
displays sulfhydryl oxidizing activity. Our findings solidify the proposed lumenal
location of the redox motifs and conserved cysteines (Figure 14) and suggest that the

relevant targets of action of LTO1 are also lumen localized.
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Figure 18 - Accumulation of cytochrome bsf and photosystem I is not affected
by loss of LTO1. Wild-type (WT) and /tol homozygous plants were analyzed for the
accumulation of cytochrome bgf subunits (cytochrome bs, cytochrome f, PetC, PetD),
plastocyanin (PC) and photosystem I subunit PsaA via immunoblotting. Heme staining
was also performed to analyze the accumulation of holoforms of cytochrome b¢ and f.
Total protein samples corresponding to 16 pg of chlorophyll were separated on a 12%
SDS-acrylamide gel. For an estimation of the protein abundance in the /fo/ mutant,
dilutions of the wild-type sample were loaded on the gel. Gels were transferred to
membranes before heme staining by chemiluminescence or immunodetection.

Knock-down of Arabidopsis LTO1 impairs plant growth

To address the question of LTO1 function at the thylakoid membrane, we chose a

reverse genetics approach and identified a T-DNA insertion in the promoter region of
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Arabidopsis LTOI (Figure 16A). Through PCR analysis and sequencing, we confirmed
that the inserted T-DNA is located 45 bp from the predicted initiation codon of the LTO!
ORF. Reverse transcript (RT) PCR analysis showed that the LT7O! transcript
accumulation is strongly reduced in the homozygous insertion line, suggesting that
insertion of the T-DNA altered the transcriptional activity of LTO!I (Figure 16B). This
promoter region is also shared by SEN/, which was shown to be involved in senescence
(Schenk et al., 2005). However, we show that the transcription of SEN/ is not affected by
the T-DNA insertion (Figure 16B). Homozygous /tol mutants display a severe growth
phenotype compared to the wild-type Columbia ecotype when grown on soil. The
phenotype is not as drastic when grown on sucrose-supplemented agar, indicating that the
slow growth may be due to a defect in photosynthesis.

Loss of LTO1 produces a photosynthetic defect:

To test the hypothesis that the reduced growth seen in the mutant is a result of a
photosynthetic defect, we conducted several spectroscopic tests on fresh leaves of /tol
plants. Illumination with far-red light preferentially excites photosystem I (PSI) over
photosystem II (PSII), resulting in net oxidation of the plastoquinone (PQ) pool,
cytochrome £, plastocyanin (PC), and Py of PSI (Joliot and Joliot, 2005). The status of
P00 was monitored by 10-us flashes from a 705-nm LED. We found that the leaves of
ltol plants exhibited P;¢y oxidation by far-red light and re-reduction immediately upon
termination of illumination (Supplemental Figure 2 online), indicating that they
possessed functioning PSI. The absolute level of the P;oo photobleaching signal in /to!
leaves was smaller than in wild-type leaves, but this was likely due to the fact that /to/

leaves tended to be thinner than wild-type leaves. We concluded that the function of PSI
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is not affected by the mutation. We did, however, noticed that the net oxidation of Py
proceeded more quickly in the /fol leaves. Moreover, they lacked a kinetic inflection
point early in the time course (see Supplemental Figure 2A online), which is likely due to
an influx of electrons into the electron transfer chain from a light-dependent source. The
source is most likely PSII, as the re-reduction of P00 occurred with a higher rate in the
ltol mutant in the dark (Supplemental Figure 2B and Supplemental Table 1 online). This
would seem to rule out any defect in PC or cytochrome b¢f levels. The higher rate of Py
re-reduction upon termination of illumination might be taken as an indication that
thylakoids of /tol plants are engaged in cyclic electron transfer to a much higher extent

than in wild-type plants.
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Figure 19 - Accumulation of photosystem II subunits is impacted by loss of
LTO1. The accumulation of PSII subunits (D1, D2, PsbO, PsbP, PsbQ, PsbB, PsbE) in
the ltol mutant, the /fol mutant complemented by the LTOI-C-MYC ¢cDNA (under the
control of the 35S promoter) and wild-type (WT) plants was analyzed via immunoblot
analyses. PSI subunit PsaA and MFP1 (MAR-binding filament-like protein 1), a
thylakoid-associated nucleoid-binding protein were used as control (Jeong et al., 2003).
Thylakoid proteins corresponding to 7 pug of chlorophyll were separated on a 12% SDS-
acrylamide gel. For an estimation of the protein abundance in the /to/ mutant, dilutions of
the wild-type sample were loaded on the gel. Gels were transferred to membranes before
immunodetection with antisera against PSII subunits, PsaA and MFP1.
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We also examined directly the changes in the redox state of cytochrome bgf
cofactors induced by far-red light. We found that both the oxidation of cytochrome f and
the reduction of cytochrome b occurred to a greater extent in the /tol plants during
illumination, indicating a limitation in electron flow to the cytochrome b¢f complex in the
light (Supplemental Figure 3 online). The kinetics of decay in the dark were roughly the
same. In summary, there appears to be a limitation in light-driven electron flow to
cytochrome bgf, which would imply a defect in PSII function.

We tested this hypothesis by fluorescence induction analysis (Figure 17 and Table
5). The rise in fluorescence emission from chlorophyll (Chl) from the initial state in dark-
adapted plants (Fy) to the maximal level (Fy) provoked by a 80-ms saturating pulse,
otherwise known as the variable fluorescence (Fy), is a function of the quantum
efficiency of PSII (Rohacek and Bartak, 1999). The Fy/Fy ratio is taken as a measure of
the maximal quantum yield of PSIL. In wild-type leaves, Fy/Fy was 0.8, which is a
typical value for healthy plants, and the variation was about 1-2% of this value. In
contrast, the Fy/Fy ratio in ltol leaves was about 0.5, with higher variability (~20%;
Table 3). This indicates a rather severe defect in PSII. Upon continuous illumination, Fy
dropped precipitously, due to a large decrease in Fy;’ (maximal fluorescence level in the
light) in both wild-type and /fol leaves. However, we found that the level of Chl
fluorescence before the saturating pulse (Fy’) was actually lower than Fy in /tol plants,
which is unusual (see Discussion). Non-photochemical quenching in the ltol leaves
exhibited eormous variation, and was not consistently higher or lower than wild-type

leaves at the same light intensity (Table 3). While the /fo/ leaves seemed to suffer from
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higher photoinhibition (loss of PSII activity due to illumination at high light fluxes) than

wild-type leaves, the difference was not great (Table 3).

Figure 20 - Complementation of the Itol photosynthetic defect by LTO1
c¢DNA. Phenotypes of the wild type (WT), two independent /fo/ lines expressing the
LTOI-C-MYC cDNA under the control of the 35S promoter (A and B) and /ltol
homozygous plants after 3 weeks of growth on soil.

Finally, we examined the function of ATP synthase, using the decay of the
carotene bandshift signal at 520 nm as a spectroscopic marker for the transmembrane
electric field of the thylakoid membrane (Sacksteder and Kramer, 2000). The rate of
decay is a measure of how fast the proton motive force is expended, which is primarily
due to ATP synthase activity. Although we saw slight differences between the wild-type
and mutant leaves, in terms of the multi-phasic decay of the carotenoid bandshift signal,
the overall decay was similar (Supplemental Figure 4 online). Thus, we see no evidence
for major defects in the function of ATP synthase. In conclusion, our spectroscopic
analysis of /tol leaves pinpoints PSII as the site of the photosynthetic defect caused by
the /tol mutation. We saw no problems with the function of the other three major

thylakoid membrane complexes: PSI, cytochrome b4f, or ATP synthase.
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Figure 21 - PsbO1 and PsbO2 interact with the thioredoxin-like domain of
LTOL1 in a yeast two-hybrid assay. The soluble domain of the wild-type (WCSHC) or
mutant (WCSHS) thioredoxin-like domain of LTO1 constitutes the bait and is expressed
as a fusion with the GAL4 DNA binding domain from the 7RP/-based pGBKT7 vector.
Arabidopsis PsbO1 or PsbO2 constitute the prey and are expressed as a fusion with the
GALA4 activation domain from the LEU2-based pGADT7 vector. The yeast Y2HGold
reporter strain was co-transformed with various combinations of two-hybrid plasmids as
indicated on the upper right side of the figure (“Empty” refers to the pGBKT7 or
pGADT?7 vectors). The yeast transformants were tested for adenine/histidine
prototrophies and resistance to aureobasidin A, which depend on reconstitution of an
active GAL4. One representative transformant for each combination was plated on solid
medium lacking leucine and tryptophan (SD-L-W), incubated for 3 days at 28°C, and
replicated on medium lacking leucine, tryptophan, adenine and histidine (SD-L-W-A-H)
or lacking leucine, tryptophan, adenine, and histidine with aureobasidin A (SD-L-W-A-
H+AbA) and incubated at 28°C for 5 days. GAL4-dependent adenine and histidine
prototrophies and resistance to aureobasidin A indicate interaction between PsbO2 and
wild-type LTO1, and also between PsbO1 and mutant LTO1.

Loss of LTO1 impacts PSII accumulation:

To further detail the impact on photosynthesis due to loss of LTO1, we carried out
immunoblot analyses using antibodies against the subunits of PSI, PSII, and the
cytochrome bgf complex. We found that loss of LTO1 has no impact on the accumulation

of the cytochrome bgf subunits, including the cytochromes bs and f that contain a heme
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co-factor (Figure 18). The steady-state level of plastocyanin (PC), the electron carrier
between the cytochrome bgf'and PSI, was unaffected by the /fo/ mutation (Figure 17). We
also excluded a defect in PSI based on the fact that the abundance of PsaA, a core subunit
whose accumulation is diagnostic of PSI assembly, is unchanged (Figure 18). In contrast,
we noted a depletion of the PSII subunits, including D1, D2, PsbB (CP47) and PsbE
(cytochrome bss9), which are the core proteins of the reaction center (Figure 19).
Interestingly, there is also a severe reduction in the levels of PsbO, PsbP and PsbQ, three
extrinsic proteins bound to the PSII core subunits on the lumenal side of the thylakoid
membrane (Bricker and Frankel, 2011; Bricker et al., 2011; Popelkova and Yocum, 2011).
Together, these three proteins define a functional module called the oxygen-evolving
complex (OEC), which mediates the light-dependent oxidation of water.

A construct expressing the L7TOI cDNA engineered with a C-terminus C-myc tag
complements both the photoautotrophic growth and PSII defects when introduced in the
ltol mutant (Figure 19, Figure 20 and Table 6). This demonstrates that the molecular
lesion in LTO! is responsible for the PSII-deficient phenotype. Using an anti-C-myc
antibody to probe thylakoid membrane extracts, we were able to detect a 40-kDa band
corresponding to LTO1 in the lines complemented with the cDNA expressing construct
(Supplemental Figure 6 online).

The thioredoxin-like domain of LTO1 interacts with PsbO1 and PsbO2

The finding that LTO1 exhibits sulthydryl oxidizing activity and is required for
PSII accumulation suggests that the formation of one or more disulfide bonds is needed
for the biogenesis of this photosynthetic complex. Based on our heterologous

complementation experiments, it is likely this step occurs on the lumenal side of the
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thylakoid membrane. Interestingly, PsbO, a lumenal subunit of the OEC, carries a single
disulfide bond that is critical for PSII assembly and activity (Burnap et al., 1994; Betts et
al., 1996; Wyman and Yocum, 2005). To test the hypothesis that PsbO is a relevant target
of LTO1, we decided to see if the thioredoxin-like soluble domain of LTO1 (LTOly),
postulated to carry the sulthydryl oxidizing activity, could interact with PsbO in a yeast
two-hybrid assay. LTO1,, was used as bait and PsbO1 and PsbO2, the two isoforms of
Arabidopsis PsbO (Peltier et al., 2002; Schubert et al., 2002), were used as prey in a
GALA4-based two-hybrid system. In one study, the second cysteine in the WCXXC motif
was shown to be critical in detecting the interaction between thioredoxins and their
targets using a yeast two-hybrid assay (Vignols et al., 2005). However, we found that
both wild-type (WCSHC) and mutant (WCSHS) forms of LTOl1, could interact with
either PsbO1 or PsbO2, based on the recovery of GAL4-dependent adenine/histidine
prototrophies and aureobasidin A-resistance in the yeast reporter strain (Figure 21). As
expected, none of these polypeptides alone elicit such a response (Figure 21). This
established both PsbO1 and PsbO2 as relevant targets of LTO1 action in vivo.

The soluble domain of LTO1 can catalyze disulfide bond formation in PsbO

To test the possibility that the single cysteine pair present in PsbO1 and PsbO2
could be oxidized by LTO1, we purified recombinant forms of LTOl,, and PsbOs and
performed in vitro redox assays. We attempted to purify PsbO1 as a recombinant protein,
but the resulting polypeptide was proteolytically processed when expressed in bacteria.
Recombinant PsbO2, on the other hand, was purified in its oxidized form and the
disulfide bond present in the molecule could be chemically reduced in a dose-dependent

fashion by the action of dithiothreitol (DTT) (Figure 22A). To test the ability of oxidized
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LTO1,, to introduce a disulfide bond in PsbO2, we incubated air-oxidized LTO1,, with
reduced PsbO2. This resulted in the oxidation of PsbO2 (Figure 22B, lane 3).
Concomitant with the oxidation of PsbO, oxidized LTO1,, was converted to its reduced
form (Figure 22B, lane 3), an expected finding if LTOl,, catalyzes disulfide bond
formation. Quantification of the oxidized and reduced species indicates that one molecule
of reduced PsbO2 was acted upon by one molecule of oxidized LTOL1. It should be noted
that, even though DTT-treatment fully reduced PsbO2, a small fraction of reduced PsbO2
can become re-oxidized, presumably because of traces of oxygen present in solution
(Figure 22B, lane 2). Based on our redox assays, we conclude that the thioredoxin-like

domain of LTOI can catalyze disulfide bond formation in the PsbO2 target.
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Figure 22 - The thioredoxin-like domain of LTO1 catalyzes disulfide bond
formation in PsbO2. Recombinant proteins (PsbO2 and the thioredoxin-like domain of
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LTO1) were treated with 4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid (AMS),
separated by non-reducing SDS-PAGE (15%) and visualized by Coomassie Brilliant Blue
R-250 staining. The positions of reduced (PsbO2 Red) and oxidized (PsbO2 Ox) forms of
PsbO2 and reduced (LTO! Red) and oxidized (LTO! Ox) forms of LTOI are indicated by
arrows. AMS is an alkylating reagent and AMS treatment of exposed thiols in PsbO2 and
LTO1 results in an increased molecular mass of the alkylated molecules. Only reduced
PsbO2 or LTO1 reacts with AMS. 4, DTT-dependent reduction of the disulfide in PsbO.2.
Lane (1), recombinant PsbO2 was fully oxidized by incubation with 50 uM CuCl,. Lanes
(2 to 7), air-oxidized PsbO2 was reduced by 1 h incubation with increasing
concentrations of DTT. B, LTOI-dependent oxidation of PsbO2 sulfhydryls. Prestained
protein ladder (Fermentas) was used in lane (1). Lane (2), reduced PsbO2 after removal
of DTT ; lane (3), reduced PsbO2 (10 uM) mixed with oxidized LTOI1 thioredoxin-like
domain (16 uM) ; lane (4), DTT-reduced LTOI1 thioredoxin-like domain, and lane (5),
air-oxidized LTO1. Quantification using ImageJ software indicates that 72% of reduced
PsbO2 (7.2 uM) becomes oxidized, whereas 44% of oxidized LTO1 (7.04 puM) is
converted to its reduced form.

Discussion

The plastid VKOR-like protein defines a trans-thylakoid thio-oxidation

pathway

In this paper, we have explored the function of LTOI, a plastid VKOR-like
protein in A. thaliana. In plastids, VKOR-like proteins are present at the thylakoid
membrane and carry a C-terminal, thioredoxin-like domain typical of that found in oxido-
reductases belonging to the protein disulfide isomerase (PDI) family (Ellgaard and
Ruddock, 2005). By analogy to VKOR in the ER, a plastid VKOR-like protein is
presumed to participate in a transmembrane thio-oxidation pathway. One key question in
terms of deducing the function of a plastid VKOR-like protein is to define its topological
arrangement within the thylakoid membrane, particularly with respect to the domains
predicted to catalyze redox chemistry. Using bacterial topological reporters, a lumenal

localization was assigned for the two cysteine pairs present in the VKOR-like domain and
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the C-terminal thioredoxin-like domain of LTO1 (Figure 14). This result is in accord with
the topological model deduced for a mycobacterial VKOR-like protein and also the
crystal structure of a cyanobacterial VKOR-like protein. Both of these methods place the
functional domains in the periplasm, which is analogous to the plastid lumen (Dutton et
al., 2008; Li et al., 2010; Wang et al., 2011).

In proteobacteria, DsbA introduces disulfide bonds in cysteine containing targets
while DsbB recycles DsbA to its oxidized form with transfer of electrons to a quinone
(Depuydt et al., 2011; Kadokura and Beckwith, 2011). A role in disulfide bond formation
for LTO1 is inferred from the fact that the plant protein is able to substitute for the
function of DsbAB in bacteria (Figure 15). Further support for the involvement of LTO1
in sulfhydryl oxidation in the thylakoid lumen comes from our evidence that lumen
resident PsbO can be oxidized by the thioredoxin-like domain of the protein in our in
vitro assay (Figure 22). Previous studies with mycobacterial and cyanobacterial VKOR-
like proteins have demonstrated that the thioredoxin-like domain carries DsbA-like
activity while the VKOR-like central domain is functionally equivalent to DsbB (Singh et
al., 2008; Dutton et al., 2010; Wang et al., 2011). In vitro assays show that the
Arabidopsis LTO1 thioredoxin-like domain can transfer electrons to its VKOR-like
central domain (Furt et al., 2010). This supports the view that the plastid protein operates
in a manner similar to bacterial VKOR-like proteins in regard to thiol-disulfide chemistry.

As seen with bacterial VKOR-like proteins, it is expected that the sulfhydryl
oxidizing activity of LTOI1 is linked to the reduction of a quinone in the thylakoid
membrane (Li et al.,, 2010). In vitro enzymatic assays indicate that the Arabidopsis

VKOR-like protein is active in reducing phylloquinone but not plastoquinone, two
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quinones found in plastids (Furt et al., 2010). The role of phylloquinone as a structural
co-factor tightly bound to PSI is well documented (Brettel, 1997). However, it is unclear
if phylloquinone participates in redox processes in addition to the known electron transfer
reactions through PSI (Gross et al., 2006; Lohmann et al., 2006).

The redox activity of LTO1 is required for the assembly of PSII

Detailed phenotypic analysis of the Arabidopsis ltol mutant revealed that the
function of the plastid VKOR-like protein is required for accumulation of PSII, a
photosynthetic complex involved in the light-dependent reactions of photosynthesis
(Figure 16 to Figure 20). Moreover, analysis of the decay of variable fluorescence after a
I-ms flash in the presence of the Qg site inhibitor, DCMU [3-(3,4-dichlorophenyl)-1,1-
dimethylurea] was consistent with the idea that there was a higher amount of PSII
reaction centers with damaged OECs in the /fo/ mutant (Supplemental Figure 5 online).
We reasoned that catalysis of a disulfide bond in a lumenal target is a required step for the
biogenesis of PSII. Interestingly, PsbO, a lumenal subunit of PSII required for stable
assembly of the OEC was shown to carry a single intramolecular disulfide that is strictly
conserved in cyanobacteria and photosynthetic eukaryotes. In vitro studies established
that this disulfide bond is critical to maintain the tertiary structure of PsbO (Tanaka et al.,
1989; Betts et al., 1996; Wyman and Yocum, 2005). In chloroplast lumenal extracts,
reduction of the disulfide in PsbO1 and PsbO2 targets the proteins for degradation. This
indicates that the oxidation state of the cysteines is a key determinant for the subunit
stability in vivo (Hall et al., 2010). Further underscoring the importance of this disulfide,
a mutation of one of the conserved cysteines in cyanobacterial PsbO results in complete

loss of the subunit and yields a PSII defect (Burnap et al., 1994). In Arabidopsis, loss of
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PsbO1 and PsbO2 impacts the stability of both extrinsic components of the OEC and core
components of the reaction center (Yi et al., 2005). The resulting phenotype is similar to
the one displayed by the /to/ mutant lines (Figure 18). Considering that PsbO is a
relevant target of LTO1 activity (Figure 22) and that the redox state of the sulthydryls
appears to be determinant for the stability of this subunit (Burnap et al., 1994; Hall et al.,
2010), it is conceivable that the PSII assembly deficiency in the /fol mutant is caused by
a sole defect in the oxidation of PsbO sulfhydryls. However, there are proteins required
for PSII biogenesis that also have a disulfide bond, such as FKBP20-2, a lumen resident
molecule (Lima et al., 2006). Therefore, we cannot rule out the possibility that additional
factors might also contribute to the PSII deficient phenotype in the /fo/ mutant.

It is interesting that the fluorescence induction phenotype of the /to/ mutant
strongly resembles that of Arabidopsis mutants with low amounts of functional PsbO
protein. The quantum yield of PSII fluorescence is decreased significantly in mutants of
PSBOI (Murakami et al., 2002) and in RNAi mutants largely lacking both PsbO1 and
PsbO2 (Yi et al., 2005). However, the PSII maximal quantum yield in the /to/ mutant and
in the psbO mutants is not as low as in mutants completely lacking PSII, where it
effectively becomes zero (Bennoun et al., 1986). Moreover, in the psbO-I mutant,
Murakami et al. found that the fluorescence level transiently dropped below the Fy level
during illumination, similar to what we saw in the /fo/ mutant (Murakami et al., 2002)
(Figure 17). This phenomenon is not limited to psbO mutants, as it was also seen recently
with mutants in the cytochrome bss9 subunit of PSII (Bondarava et al.). One possibility is
that the PQ pool is partially reduced in the dark in the /fo/ mutant, and in other mutants

with low PSII activity, which would result in an increased Fy level. Upon illumination,
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PSI activity overwhelms PSII activity (due to the PSII deficiency) and the PQ pool
becomes more oxidized, resulting in a fluorescence level lower than the dark level. We
suggest that in such mutants, the cyclic electron flow pathway has been activated. This
would allow the mutants to use PSI and cytochrome b4f to pump protons and thereby
synthesize ATP, in the absence of significant levels of linear electron flow due to the
deficiency in PSII. This would explain both the elevated F, level and the fact that Proo " is
re-reduced much faster in the /to/ mutants compared to wild type (Supplemental Figure 2
online), an expected finding if cyclic electron transfer is elevated (Finazzi and Forti,
2004; Iwali et al., 2010; Peeva et al., 2010).

Are there other relevant targets of LTO1 sulfhydryl oxidizing activity?

The /tol mutant characterized during this study is a knock-down and additional
defects could be revealed in conditions of complete loss of LTO1 function (Figure 16).
Conceivably, LTO1 regulates the redox state of additional cysteine containing proteins
residing in the thylakoid lumen. An indication that further targets exist comes from the
observation that a cyanobacterial VKOR-like null mutant displays a pleiotropic growth
defect incompatible with a sole defect in PSII (Singh et al., 2008). However, it is not
known if this phenotype can be attributed to impaired disulfide bond formation in targets
residing in the thylakoid lumen and/or in the periplasm. Other possible targets of LTO1
are proteins containing lumen-facing cysteines, which are active in the oxidized form.
Only a few lumenal proteins with known thiol-dependent enzymatic activities have been
identified. Examples of such are violaxanthin de-epoxidase, an enzyme involved in
dissipating excess light (Yamamoto and Kamite, 1972; Sokolove and Marsho, 1976),

STT7/STN7, a kinase involved in adaptation to changes in light intensity (Depege et al.,
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2003; Lemeille et al., 2009), and FKBP13, a prolyl isomerase postulated to act as a
foldase for the Rieske protein (Gupta et al., 2002; Gopalan et al., 2004). It has now
become apparent that thiol-disulfide chemistry is a catalyzed process not only restricted
to bacterial energy-transducing membranes but operating also on the lumenal side of the
thylakoid membrane. Further genetic and biochemical dissection is needed to elaborate
the thiol-metabolizing pathways and understand how they regulate the biogenesis of the
thylakoid compartment.

Methods

Bacterial strains and growth media

Strains HK295 (F° Aara-714 galU galK A(lac)X74 rpsL thi) (Kadokura and
Beckwith, 2002) and HK329 (HK295 AdsbA AdsbB) (Eser et al., 2009) were a kind gift
from Jonathan Beckwith. Luria-Bertani (LB) broth, LB agar and MacConkey agar were
prepared as described previously (Silhavy et al., 1984). When indicated, ampicillin (50
pg/ml) and L-arabinose were used.

Heterologous complementation of the dsbAB mutant

The LTOI ORF was cloned, using the In-Fusion™ system (ClonTech), into the
arabinose inducible vector pPBAD24 (Guzman et al., 1995) at Ncol and Sphl sites to
create plasmid pLTO200. Primers used for In-Fusion™ cloning and sequencing of the
resulting plasmids are listed in Table of primers (Supplemental methods online). The
pBAD24 and pLTO200 plasmids were introduced into the AdsbAB HK329 strain and
transformants assessed for complementation of motility and alkaline phosphatase (PhoA)

deficient phenotypes. For motility tests, 10 pL of an overnight culture grown in M9
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medium was inoculated into the center of an M9 medium plate (0.25% agar), with or
without 0.002% arabinose. Plates were incubated overnight at 37°C and complementation
of the motility phenotype was quantified by measuring the diameter of the swarm in
centimeters using a metric ruler. Ten plates were measured for both the control pBAD24
and pLTO200 in both plus and minus arabinose conditions. The PhoA activities were
measured as described in (Manoil, 1991) using overnight cultures in M9 medium, with or
without arabinose.

Efficiency of plating assay

Strains HK295 (pBAD24), HK329 (pBAD24), and HK329 (pLTO200) were
grown at 37°C overnight in LB broth supplemented with ampicillin. Cultures were
serially diluted 1:10 in LB broth and about 2 pL of these dilutions were spotted onto LB
agar and MacConkey agar either lacking or containing L-arabinose (0.2 %). Plates were
incubated overnight at 37°C. EOP (efficiency of plating) values were calculated with
respect to the growth of the wild-type strain HK295 (pBAD24) on LB agar.

Topological analysis of LTO1 via PhoA/LacZa sandwich fusions

Four PhoA/LacZo sandwich fusion constructs (pLTO212-pLTO215) were
generated using In-Fusion™ recombination with three PCR products as described in (Zhu
et al., 2007). PCR products were generated using the L70O! cDNA or the complete
PhoA/LacZa. fusion cassette in pMA650 as templates (Alexeyev and Winkler, 1999). The
PCR products were then cloned into the isopropyl 1-thio-f-D-galactopyranoside (IPTG)
inducible expression vector pMA657 (Alexeyev and Winkler, 1999) cut by BamHI and

Xbal. The pLTO211 plasmid was also generated by using In-Fusion™ recombination at
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Spel in pLTO210, which was constructed by In-Fusion™ recombination of the LTOI
ORF into pMAG657. PhoA activity measurements were performed as in (Manoil, 1991).
On the same cultures, LacZ activity measurements were performed as described in
(Brickman and Beckwith, 1975). The leaky nature of the lac promoter allowed
measurements to be performed without IPTG induction.

Yeast Two-hybrid Experiments

The soluble domain of LTOIl (Glnys; to Glnszzs) was used as bait, and the
corresponding sequence was cloned via the In-Fusion™ technique (Clontech) as a PCR
fragment at the Ndel/Sall sites of the pGBKT7 vector. The sequence corresponding to the
soluble domain of wild-type LTO1 was PCR-amplified using LTO1-BD-F (5°-
GATCTCAGAGGAGGACCTGCAACAACCAATCCCTTCACGC-3’) and LTO1-BD-R
(5’-TGCGGCCGCTGCAGGTCGACGCTGAAGTTGATT

GGTCTC-3’) as primers and the Arabidopsis LTO1 cDNA from the Arabidopsis
Biological Resource Center (ABRC, The Ohio State University, OH, USA) (#U25043) as
template. Plasmids expressing the mutant form of LTO1 (WCSHS) were constructed via
the QuickChange II site-directed mutagenesis kit (Stratagene). Arabidopsis PsbO1 and
PsbO2 (Sers to Glussp) or (Sery to Gluss;) respectively, were used as prey, and the
corresponding sequences were cloned via In-Fusion™ as a PCR fragment at the
Ndel/Xhol of the pGADT7 vector. The sequence corresponding to PsbOl was PCR-
amplified using PsbO1-AD-F (5°-
CGACGTACCAGATTACGCTCAATCGACTCAAGCCGTCGGC-3’) and PsbO1-AD-R
(5’-CGATTCATCTGCAGCTCGAGCCTCAAGTTGACCATACCACAC-3’) and the

sequence corresponding to PsbO2 was PCR-amplified using PsbO2-AD-F (5°-
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CGACGTACCAGATTACGCTCAATCAAACCAAACCGTGGGCAAG-3’) and PsbO2-
AD-R (5’-CGATTCATCTGCAGCTCGAGCCTCAATCTGACCGTACCAAAC-3’) as
primers and Arabidopsis wild-type cDNA as template. The yeast strain Y2HGold
(Clontech) was used as a reporter.

In Vitro Redox Assay

The cloned and full-length A73G50820 cDNA was used as template in a PCR to
amplify the coding sequence corresponding to the PsbO2 protein with the following
oligonucleotides as primers: pET-Psbo2-F (5°-
CTTTAAGAAGGAGATATACATATGTCAAACCAAACCGTGGGCAAGTCCTT-3")
and pET-Psbo2-R (5°-
CGGATCTCAGTGGTGGTGGTGGTGGTGCTCAATCTGACCGTACCAAACCC-3’).
The DNA sequence encoding the soluble domain of Chlamydomonas LTO1 was codon-
optimized for expression in E. coli using the DNA2.0 Gene Designer software (Villalobos
et al., 2006). The optimized sequence was synthesized (Mr Gene, Germany). The
resulting plasmid (pMA-LTOlopt) was used as template in a PCR with Ndel- and Xhol-
engineered oligonucleotides pET24b-LTO1opt-F (5°-
CTTTAAGAAGGAGATATACATATGCCGGGCGCTGGTCAAGTGTACATCGA-3’)
and pET24b-LTOlopt-R (5°-
CGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTGGGGCAACCGCAACTG-3’)
as primers. The PCR products of both reactions were cloned at the Ndel/Xhol sites of the
hexahistidinyl-tag vector pET24b (Novagen) using In-Fusion™ (Clontech), resulting in
the pET24b-PsbO2 and pET24b-LTOl1,, plasmids. For expression of the recombinant

Hisg-tagged proteins, 1 liter of LB broth (with 30 pg/ml kanamycin) of E. coli
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BL21(DE3) strain (Novagen) carrying pET24b- PsbO2 or pET24b-LTOlopt was grown
from a 20-mL LB broth overnight starter culture. To induce the recombinant proteins,
IPTG was added to a final concentration of 0.5 mM at Agyy = 0.4 and the cultures were
further grown for 3 h at 37°C. Cells were then harvested by centrifugation at 4,000 X g
for 20 min at 4°C, and the pellet was stored at -20°C. Batch purification of the Hiss-
tagged proteins was performed under denaturing conditions (6 M urea) using nickel-
nitrilotriacetic acid resin (Qiagen). Recombinant PsbO2 and LTO1 were dialyzed in a
refolding buffer (25 mM Tris, pH 7.5) and stored at -80 °C.

PsbO2 in 25 mM Tris-HCI (pH 7.5) was reduced by 200 uM DTT during 1 h on
ice. DTT was eliminated by buffer exchange using the Amicon Centriprep system
(Ultracel-10 membrane, Millipore). Reduced PsbO2 (10 uM) in 25 mM Tris-HCI (pH
7.5) was incubated for 60 min at 25°C in the absence or presence of oxidized soluble
LTO1 (16 uM) in 25 mM Tris-HCI (pH 7.5). After incubation, proteins were precipitated
with trichloroacetic acid (final 5%), washed with ice-cold acetone, and then dissolved in
buffer containing 50 mM Tris-HCI (pH 6.8), 2% SDS, 10 mM 4-acetamido-4’-
maleimidylstilbene-2,2’-disulfonic acid (AMS). After a 90-min incubation, reduced
(AMS derivative) and oxidized forms of PsbO2 and LTO1 were separated by 15% non-
reducing SDS-PAGE and visualized by Coomassie staining

Growth of A. thaliana

The Col-0 ecotype of A. thaliana was used as the wild type (WT). The T-DNA
lines SALK 151963C (ltol) were provided as confirmed homozygotes by ABRC. Seeds
were surface-sterilized and sown on Murashige and Skoog plates (with or without 2%

sucrose) or on soil, and stratified at 4°C for 48 h in the dark before germination. Plants
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were grown in controlled-environment chambers at a room humidity of 50% and
provided daily with 16 h of light (80-120 uE m™s™) and 8 h of dark at 22°C.

Molecular characterization of the /7ol mutant lines

The SALK 151963C (/tol) line was analyzed for the presence and orientation of
the T-DNA via PCR using genomic DNA as a template and the following primer pairs: S-
ExonlD (5’-ATGGAAACCACTGCTTTTAAC-3) and Exon2R (5°-
TCAGATGAAGAACATTTAATC-3%); RB1 (5’-AGTGTTTGACAGGATATATTG-3)
and Exon2R (5’-TCAGATGAAGAACATTTAATC-3’); RBI1 (5-
AGTGTTTGACAGGATATATTG-3’) and Stop (5’-TTACTGAAGTTGATTGGTCTC-
3’); LBl (5-GCGTGGACCGCTTGCTGCAACT-3’) and S-ExonlD (5’-
ATGGAAACCACTGCTTTTAAC-3’).

RNA extraction and RT-PCR

The leaves of 21-day-old /fol and wild-type plants propagated on soil were used
for total RNA isolation (Iratni et al., 1997). One microgram of DNase I-treated RNA was
reverse transcribed using 200 units of Superscript Il reverse transcriptase (Invitrogen)
according to the manufacturer’s protocol. The reaction was performed in the presence of
I uL of 100 uM Oligo(dT);s in a total volume of 15 uL at 42°C for 50 min. Aliquots (1
uL) were used as template for the PCR reaction with L7O1-specific primers ExonlD (5°-
ATGATGGCGAGGTTTGTTTCTG-3") and Stop (5’-TTACTGAAGTTGATTGGTCTC-
3’), SENI-specific primers S-ExonlD (5’-ATGGAAACCACTGCTTTTAAC-3’) and S-
Stop R (5’-TCACTCTTCTACCGGCAGCTC-3’), and TUB2-specific primers TUB2-F
(5’-CTCAAGAGGTTCTCAGCAGTA-3’) and TUB2-R (5°-

TCACCTTCTTCATCCGCAGTT-3’). PCR amplification products were separated by
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electrophoresis in agarose gel and ethidium bromide stained. The gel was imaged using
an imaging system.

Plasmids for Plant Transformation

For the complementation experiments, the L70/ full-length cDNA
(#U25043) was obtained from ABRC. The LTOI coding sequence (excluding the stop
codon) was amplified by PCR with platinum Pfx DNA polymerase (Invitrogen) using the
primers pENT/LTO1-F (5’-CACCATGATGGCGAGGTTTGTTTC-3%) and
pENTR/LTOI1-R (5’-CTGAAGTTGATTGGTCTCATTTGCC-3"). The amplified product
was cloned using Gateway Technology into the pENTR/D-TOPO vector (Invitrogen), and
then transferred into the pGWB20 destination vector (Dr. T. Nakagawa, Shimane
University, Matsue, Japan) previously linearized by XAol. The resulting plasmid (p35S-
LTOI-C-MYC) was transferred to Agrobacterium tumefaciens GV3101 by
electroporation. The lfol plants were transformed using the floral dip method (Clough
and Bent, 1998) and selection of the T1 generation of transgenics was performed on
Murashige and Skoog plates with kanamycin (30 pg.mL™) and hygromycin B (30 pg.mL’
1. Seedlings were transplanted onto soil two weeks after germination and grown in
controlled-environment chambers.

Protein preparation and analysis

Total plant protein extracts were prepared following the method described in
(Hurkman and Tanaka, 1986) and protein concentrations were determined by using the
Bio-Rad DC Protein Kit (with BSA as a standard). Total protein was extracted with a
SDS containing solubilization buffer, and chlorophyll concentration was then determined.

When necessary, Coomassie-stained gels were used to assess equal loading. For
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immunoblot analyses, the proteins were separated by SDS-PAGE, blotted onto
Immobilon-P  membranes (Millipore), and immunodecorated with antibodies.
Commercially available antibodies against plastocyanin, PsaA, D1, D2, PsbD, PsbO,
PsbP, PsbQ (Agrisera), and C-myc (Sigma) were used. The anti-PetC and anti-PetD
antibodies were provided by Dr. Barkan (U. of Oregon). Antisera against cytochrome f,
cytochrome bg, cytochrome bss9, and MFP1 were gifts from Dr. Merchant (UCLA), Dr.
deVitry (CNRS), Dr. Meiheroff (Heinrich-Heine-Universitdt), and Dr. Meier (Ohio State

University), respectively.

Fusion Position LacZ PhoA Topology
1 74 73 (£22) 4 (£3) n-side
2 113 19 (=4) 78 (=7) p-side
3 191 16 (=7) 40 (£5) p-side
4 195 14 (+=8) 80 (£5) p-side
5 573 19 (=6) 1269 (+28) p-side

Table 3 - Topological analysis of Arabidopsis LTO1 from PhoA and LacZ
fusion analysis. Measurements of alkaline phosphatase (PhoA) and B-galactosidase
(LacZ) activities of sandwich fusions at the indicated positions within LTOI.
Measurements were taken on at least two separate bacterial clones and correspond to an
average of three representative measurements. The +S.D. is indicated for those
measurements. Fusion numbers correspond to those indicated in Figure 14. Values are
expressed in arbitrary units for LacZ and Miller units for PhoA. The p-side corresponds
to the bacterial periplasm and the lumen of the chloroplast, while the n-side corresponds
to the bacterial cytoplasm and the stroma of the chloroplast.

Fluorescence induction

A freshly cut leaf was placed in the leaf cuvette of a JTS-10 LED spectrometer

(Bio-Logic, France). Fluorescence emission was measured by using a 10-pus pulse of light
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from a 520-nm LED as the excitation source, and a 670-nm high-pass filter was placed in
front of the sample detector. A BG39 filter was placed in front of the reference detector to
measure the excitation pulse, allowing proper normalization of fluorescence emission.
Actinic light and saturating pulses were provided by a 520-nm LED array. Before each
run, leaves were allowed to dark adapt for 30-60 s followed by a 2-s treatment with far-
red light (743 nm peak with full width at half maximum of 30 nm; photon flux = 25

mmol m?

s') to drive complete oxidation of the PQ pool. At each time point,
fluorescence was measured (Fo or Fy’), followed immediately by an 80-ms saturating
pulse to fully oxidize the PQ pool, and then fluorescence was measured 100 us after the
pulse was over (Fy or Fyy’). The first pair of points should thus provide Fy and Fy. The
actinic light was turned on 100 ms later, fluorescence measurements were taken 2 s after
that, and then 24 more pairs of measurements were taken in an exponentially-spaced
fashion for 2 minutes total. The actinic light was turned on 100 ms later, fluorescence
measurements were taken 2 s after that, and then 24 more pairs of measurements were
taken in an exponentially-spaced fashion for 2 minutes total. The actinic light was then
extinguished, and 24 more time points were taken every 20 s. Note that the actinic light
was briefly turned off while fluorescence measurements were made: at each time point,
the actinic light was turned off, the Fy” measurement was taken 100 ps later, the 80-ms
saturating pulse was given 20 ps later, and then 100 ps later the Fyy’ measurement was
taken, 20 us after which the actinic light was turned back on. Thus, all fluorescence
measurements were taken in the absence of any light beside the excitation source,

avoiding complications or the necessity of subtraction of additional signals induced by

the actinic or saturating lights. We found that Fy,” after 2 s of actinic light was slightly
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higher (~4%) than Fy in the wild type case, indicating that the 80-ms pulse is not
completely saturating. The difference was greater in the case of the /fo/ mutant,
consistent with the idea that it has a smaller antenna size. Thus, for the purposes of
normalization of the data shown in Figure 17, we used the Fy;’ value measured at 2 s,

which was the highest fluorescence value measured in all cases.

Strain Medium FyW/Fm (£SD),n =5
Wild type MS 0.828 = 0.007
Ito1 MS 0.581 + 0.068
Ito1 + LTO1 MS 0.831 + 0.005
Wild type MS + Suc 0.815 + 0.008
Ito1 MS + Suc 0.522 = 0.113
lto1 + LTO1 MS + Suc 0.828 + 0.003

Table 4 - Efficiency of plating on MacConkey agar of dsbAB strains
expressing Arabidopsis LTO1. * EOP (efficiency of plating) values were calculated with
respect to the growth of the wild-type strain HK295 (pBAD24) on LB agar containing
ampicillin. Amp = ampicillin, Mac = MacConkey, Ara = arabinose

Accession numbers

Sequence data from this article can be found in the EMBL/GenBank data libraries
under accession numbers ACN43307 and ACN43308 for Chlamydomonas reinhardtii
LTOI cDNAs and accession numbers AAM65737 for Arabidopsis LTOI cDNA.
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Wild Type Ito1

Actinic Light Intensity Average = sh,n =6 Average = sb,n =8

170 4E = g1

Fu/Fum 0.81 = 0.01 0.49 = 0.1
NPQ 117 £ Q.08 0.90 = 0.79
1400 pE m—2 s—1
Fyv/Fm 0.80 = 0.01 0.48 = 0.1
NPQ 1.370 = 0.06 1.82 £ 1.15
Photoinhibition (%) 6.0 13 899 +18
Table 5 - Quantum efficiency, non-photochemical quenching and

photoinhibition in wild-type and Itol lines. Fluorescence parameters Fy/Fy (maximum
quantum yield of PSII), NPQ (nonphotochemical quenching) and photoinhibitions were
calculated based on fluorescence measurements like those shown in Figure 17 using
formulae described in (Rohacek and Bartak, 1999). Fy/Fym = (Fum - Fo)/Fum, where Fy is the
initial fluorescence emission after dark adaptation and immediately before a saturating
pulse, Fy; is the maximal fluorescence emission immediately after the saturating pulse,
and the variable fluorescence parameter, Fy = Fy - Fo. NPQ = (Fy - Fym’)/Fum’, where Fyy’
is the maximal fluorescence emission after adaptation to the actinic light (after 2
minutes). Photoinhibition = 1 — (Fy”’/Fy”)/(Fy/Fym), where Fy™” and Fyy”” are the maximal
and variable fluorescence, respectively, after 2 minutes exposure to 1400 pE m™ s
actinic light followed by 8 minutes of dark recovery (i.e., irreversible loss of quantum
efficiency).
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Table 4. Quantum Efficiency of Wild-Type, lto1, and LTO7-Comple-
mented /to1 Lines

Strain Medium Fyw/Fm (£8D),n=5
Wild type MS 0.828 + 0.007
Ito1 MS 0.581 + 0.068
Ito1l + LTO1 MS 0.831 = 0.005
Wild type MS + Suc 0.815 = 0.008
Ito1 MS + Suc 0.522 = 0.113
Ito1l + LTO1 MS + Suc 0.828 + 0.003

Table 6 - Quantum efficiency of wild-type, Ito1 and LTO1-complemented Itol
lines. Maximum quantum yield of PSII (Fy/Fum) was measured as described in Table 3
and Methods. Each type of plant was grown from seeds on MS or MS + 2% sucrose
medium under moderate light (~80 umol PAR photons m?s™). Leaves from five separate
plants were removed and immediately assayed.
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Abstract:

Here we report the characterization of the Chlamydomonas reinhardtii ARGY gene
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which encodes the plastid resident N-acetyl ornithine aminotransferase involved in
arginine synthesis. Integration of an engineered ARGY cassette in the plastid chromosome
of the nuclear arg9 mutant restores arginine prototrophy. This suggests that ARG9 could
be used as a new selectable marker for plastid transformation.

Identification of the ARG9 mutation

In the green alga Chlamydomonas reinhardtii, the arg9-1 and arg9-2 mutations result in
arginine auxotrophy because of a deficiency in N-acetyl-ornithine aminotransferase
activity (NAOAT) (Loppes and Heindricks, 1986). Out of the two arg9 mutants originally
isolated (Loppes and Heindricks, 1986), only the arg9-2 strain was found to be an
arginine auxotroph while the arg9-1 mutation has reverted to wild type. We reasoned that
the arg9-2 mutation mapped to the structural gene for NAOAT and identified a candidate

ARGY gene (XP_001698091) based on the similarity of the predicted gene product to

Saccharomyces cerevisiae NAOAT, Arg8p. Three full length cDNAs were identified and
sequenced (accession number EU711276). Both the ARG9 genomic DNA and full-length
cDNAs restored arginine prototrophy when introduced in the arg9-2 mutant (not shown).
Sequencing the ARG9 genomic locus in the arg9-2 strain identified a G to A transition at
codon 317 resulting in a glycine to arginine mutation at a strictly conserved residue in
NAOATSs.

Results
Functional Confirmation of ARG9

Next, we tested if Chlamydomonas ARGY9 could functionally replace the Arg8

protein in yeast by expressing the ARG9 cDNA in an arg8-null mutant that is deficient in
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NAOAT. Figure 23 shows that expression of the ARG9 cDNA from the plasmid-born
PGK1 promoter is able to partially restore arginine prototrophy. Since the yeast arg8
mutant can be complemented by the Chlamydomonas ARG9 protein, it is likely that the
algal protein expressed in yeast is targeted to the mitochondria where NAOAT typically
functions in fungi (Slocum, 2005). Indeed, the N-terminal extension of the candidate
ARG9 protein exhibits features typical of a plastid or mitochondria targeting sequence,

such as the propensity to form an amphiphilic a-helix (Neupert and Herrmann, 2007).

vector

@ O D & %

8 ARGY

+ Arginine - Arginine

Figure 23 - Heterologous functional complementation of the S. cerevisiae arg8
mutant by the C. reinhardtii ARG9 ¢cDNA encoding NAOAT. The yeast arg8§ mutant
(NB880) was transformed by yeast expression vector pFL61 (vector), pFL61/ARGS
expressing the yeast ARGS gene (ARGS) and pFL61/ARGY expressing the
Chlamydomonas ARGY9 cDNA (ARGY). Dilution series (10X) of each transformant were
plated on synthetic complete medium with or without arginine and incubated at 28°C for
7 days or 14 days, respectively.

Localization of ARGY

The sublocalization of the ARG9 protein was examined by immunoblot analysis
using an antibody raised against Arg8p, the S. cerevisiae NAOAT that is resident in the
mitochondrial matrix. The anti-Arg8p antibody cross-reacted with species in
mitochondrial and plastid fractions of Chlamydomonas cells (Figure 24). We identified

the 48 kDa species in the plastid fraction as the ARGY protein based on the predicted size
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of the mature protein. This species was also present in the arg9-2 strain suggesting that
the arg9-2 mutant accumulates a non functional ARGY9 protein. The cross-reacting
species detected in the mitochondrial fraction are of higher electrophoretic mobility and
could correspond to non-specific bands or splicing variants of the ARGY transcript that
specify a mitochondrial protein or dual targeted ARGY protein. Complementation
experiments described below indicate that the primary site of action of ARGY is the
plastid. Based on our analyses, we concluded that NAOAT is located in the plastid in
Chlamydomonas but cannot exclude the possibility that it also operates in the
mitochondrion. The operation of plastid localized enzymes involved in arginine
biosynthesis in Chlamydomonas is also supported by studies suggesting that
argininosuccinate lyase (ASL) could also be resident in the chloroplast (Auchincloss et

al., 1999)
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Figure 24 - ARGY localizes to the plastid in Chlamydomonas. Proteins from
mitochondria (A) and chloroplast (B) enriched fractions were separated by SDS-PAGE
and immobilized on a nylon membrane. The membrane was immunodecorated using
antibodies against Arg8p, Aox or cytochrome f. The purity of each fraction was verified
by using an antibody against a known protein resident in the mitochondria (Aox) or in the
chloroplast (Cyt f). 1 to 3: arg9-2 transformants complemented by the genomic ARG9
and 4: arg9-2 mutant.
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Figure 25 - Plastid transformation of the arg9-2 strain with the arg9c cassette
restores arginine prototrophy. A. Molecular analysis of the plastid transformants was
performed by PCR using diagnostic primers (F and R) lying outside the region of
homology in the transforming DNA (see B). PCR amplication products were separated by
electrophoresis in agarose gel and ethidium bromide stained. The gel was imaged using
an imaging system (Kodak Image Station 2000R). PstI-digested A phage DNA was used
as marker for size. DNA extractions from strain CC125 (WT), an arg9-2 Spec®
transformant (aadA), an arg9-2 Arg+ transformant (arg9°) or plasmid pmp-arg9® (parg9)
were used as template in the PCR reaction. The pmp-arg9° plasmid contains the arg9”
cassette and 5 kb of chloroplast DNA flanking the region of homology between the aadA4
and arg9° cassette. B. Illustration of expected PCR products using the diagnostic primers
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F (left arrow) and R (right arrow) and plastid DNA as templates from wild type strain
(WT), Spec® transformant (aadA) and Arg+ transformant (arg9°). The neutral site lies
between the psa4-3 and trnL2 genes on the chloroplast genome.The Mlul and EcoRlI sites
used for cloning of the aadA cassette are indicated. The Mlul site is lost in the cloning of
the aadA cassette. The expected size for the PCR products are 600 bp (WT), 2533 bp
(aadA) and 2971 bp (arg9°). C. Growth of untransformed arg9 mutant (arg9-2), arg9-2
transformed by pARGY9g containing a 7 kb genomic DNA fragment with the ARGY gene
(ARGY) and two independent arg9-2 plastid transformants expressing the arg9® cassette
(arg9° #1 and 2) on TAP and arginine supplemented TAP medium. 4 x 10° cells for each
strain were serially diluted (10 times for each dilution), plated and incubated for 4 days.

Restoration of Nuclear Mutant via Chloroplast Transformation

We reasoned that the ARGY gene relocated to the plastid chromosome of an arg9-
2 strain should be able to restore arginine prototrophy if the ARG9 protein is successfully
expressed and active in the organelle. For this experiment, we chose the ARG9 cDNA
from Arabidopsis thaliana, whose nuclear genome has a codon bias (44% GC) closer to
the plastid genome than the nuclear genome of Chlamydomonas. Moreover, the
frequency of codons in the Chlamydomonas plastid genes made it likely that the
Arabidopsis cDNA would be translated by the set of plastid tRNAs. Using an existing
spectinomycin resistance cassette (aadA) for plastid transformation we designed an arg9°
(c for chloroplast) cassette for expression of the Arabidopsis NAOAT in the chloroplast
of Chamydomonas (Goldschmidt-Clermont, 1991). As a proof of concept, we first
targeted the aadA cassette to an integration site on the plastid chromosome that is neutral
with respect to chloroplast function (Hamel et al., 2003). A spectinomycin-resistant
transformant (Spec®) was generated by biolistic transformation of the m¢" arg9-2 mutant
(Hamel et al., 2003). The presence of the aadA gene at the expected location in the plastid
chromosome was detected by diagnostic PCR (Figure 25AB). Next, we replaced the

aadA cassette with the arg9® cassette, which expresses the 4. thaliana ARG9 protein
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from the same promoter and terminator as the aadA cassette (plasmid KS/arg9) (Figure
25B). Based on our alignments of NAOATs, we reasoned that the first 48 residues of
ARG9 might include the plastid targeting sequence and were therefore not necessary if
ARGS9 is synthesized on plastid ribosomes. Replacement of the aad4 marker by the arg9”
cassette is expected to occur by homologous recombination between the atpA promoter
and rbcL terminator sequences that are common to both the aadA and arg9 cassettes
(Figure 25B).The mt" arg9-2 Spec® strain was bombarded with the pKS/arg9® plasmid
and transformants were selected on medium lacking arginine. A few transformants were
able to grow on the selective medium (Arg+) suggesting that ARG9 was successfully
expressed from the plastid genome. Molecular analysis of two independent Arg+
transformants showed that they were heteroplasmic for the presence of the aad4 and
arg9° cassettes and expectedly were also Spec® (not shown). In a former study, we have
shown that the segregation of plastid markers is facilitated if heteroplasmic transformants
are converted to gametes, presumably because gametes undergo a reduction of the copy
number of their chloroplast genomes (Hamel et al., 2003). To achieve homoplasmy for
the arg9’ marker, we induced gametogenesis of two arg9-2 Spec® Arg+ plastid
transformants and retrieved vegetative clones by plating the gametes on medium without
arginine.Two independent clones were further analyzed and found to contain the arg9”
cassette using diagnostic primers lying outside the regions of homology between the
aadA and arg9° cassettes (Figure 25AB). Expectedly, the clones are still arginine
prototrophs but have lost the spectinomycin resistance (not shown), indicating that they
have become homoplasmic for the arg9” cassette. This suggests that the arg9° cassette

was able to replace the aadA cassette in the plastid chromosome and could be
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successfully expressed to complement the arg9-2 mutation. Interestingly, we found that
the level of growth on medium without arginine of the plastid transformants expressing
arg9“ was comparable to that of nuclear transformants complemented with the 4ARG9

genomic DNA (Figure 25C).
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Figure 26 - Restoration of NAOAT activity in nuclear and plastid transformants.
Soluble extracts of strains cwl5 mt- (Wt), cw- arg9-2 transformed with pARG9g (ARGY9)
and arg9-2 transformed with the arg9° cassette (arg9°). Only one representative of plastid
or nuclear transformant is shown. For each strain, at least three biological replicates were
included in the experiments. Error bars indicate SD. The activity is expressed in pmol of
A'-pyrroline-5-carboxylic acid.mg™ protein™. hour™

To provide an additional proof of the successful relocation of the arg9” gene to the
plastid chromosome, we tested for non-mendelian segregation of the arginine prototrophy
phenotype in the plastid transformants. In genetic crosses of C. reinhardtii, nuclear
markers segregate according to Mendelian genetics, but chloroplast genes are inherited
uniparentally from the m¢+ parent (Harris, 1989). Hence, it is expected that the Arg+ trait
can only be transmitted to the progeny if the plastid transformant is of m¢+ sexual type.

We crossed an Arg+ plastid transformant (mt+ arg9-2 arg9°) to a mt arg9-2 mutant and
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performed bulk segregation of the progeny. As expected, all the 40 spores examined in
the progeny were arginine prototrophs because they inherited the arg9“ cassette from the
mt+ parent. An Arg+ (mt- arg9-2 arg9°) spore from this progeny was selected and
diagnostic PCR confirmed the presence of the arg9“ cassette in the chloroplast genome
(not shown). This spore was then used to do the reciprocal cross by the m¢+ arg9-2
mutant. We examined 42 spores and all of them were arginine auxotrophs as expected
because the plastid trait cannot be transmitted by the m¢- parent.

In order to show functional complementation of the arg9‘, we prepared cellular
extracts and measured NAOAT activity in both plastid transformants and nuclear
transformants complemented by the Chlamydomonas ARG9 genomic DNA. The arg9-2
mutation results in very little detectable NAOAT activity while the enzymatic activity
was significantly restored in both nuclear and plastid transformants (Figure 26). We
concluded that integration of the A. thaliana ARGY9 cDNA into the plastid chromosome of
C. reinhardtii resulted in the successful expression of an enzymatically active NAOAT.
Our results indicate that the arg9“ cassette could be developed as a marker for chloroplast
transformation in Chlamydomonas. The manipulation of the chloroplast genome of
microalgae for the commercial production of recombinant molecules is a recent and
promising advance in the biotech industry (Purton, 2007). For obvious reasons, the use of
arginine as selection for plastid transformation will be of significant value considering
that all markers employed so far are derived from bacterial antibiotic resistance genes
(Purton, 2007).

Proof of Concept

The arg9-2 mutation is a non-reverting mutation (<10™'%). We took advantage of
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this property and tested the effectiveness of the ARGY gene as a marker for insertional
mutagenesis in the nucleus. In Chlamydomonas, integration of transforming DNA into
the nuclear genome occurs via non homologous recombination events that are presumed
to happen at random loci (Galvan et al., 2007). Thus, nuclear markers such as the ARG7
gene that encodes argininosuccinate lyase (ASL) are routinely used as tool to generate
insertional mutants (Galvan et al., 2007). About 3,000 arginine prototrophic
transformants were generated using the arg9-2 mutant as a recipient strain and the ARGY
gene as a transforming DNA. Since we are interested in a separate project in isolating
mutants deficient for mitochondrial function, we screened for candidate mutants on the
basis of their slow growth phenotype in the dark, a phenotypic trait of complex I-minus
mutants (Remacle et al., 2008). Out of 3,000 insertional transformants, two arginine
prototrophs displayed a slow growth phenotype in the dark. Co-segregation of the slow
growth phenotype with the Arg+ trait was observed suggesting that insertion of the ARG9
gene interrupts a gene controlling respiration. However, neither mutant was deficient for
complex I activity as determined by enzymatic measurement or in-gel staining (data not
shown). We concluded that the slow growth phenotype is probably due to a defect in
other respiratory enzymes but this was not further investigated. In conclusion, our results
show that ARG9 could also be used efficiently as an insertional marker to generate
nuclear mutants of interest.
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Conclusion

In conclusion, we have demonstrated here: (1) the expansion of a uniquely
plastidic cytochrome ¢ assembly System via the identification of CCS2, the first OPR
gene to be identified by screening for a post-translational assembly process; (2) the
presence of a thiol oxidant that interacts with PsbO within the oxidizing compartment of
the chloroplast lumen and; (3) the malleability of the chloroplast genome via
complementation of a nuclear mutant by transformation of the chloroplast.

The identification of an OPR protein involved cytochrome ¢ assembly opens up a
host of questions and possibilities for chloroplast bioengineering. If CCS2, like its fellow
OPR family members, is found to regulate the expression of CcsA, it will be the first
instance of the regulation of an assembly factor encoded by the chloroplast genome. This
will be intriguing, as these assembly factors are traditionally believed to be largely
unregulated and expressed at a constitutive basal level. If this is the case, it broaches the
question: why would there be such tight regulation (noting the cytochrome ¢ minus
phenotype in (Figure 8 & Figure 9) on such an assembly factor. Furthermore, use of such
a tightly regulated system could provide an excellent method for toxic gene expression in
the chloroplast.

If CCS2 is not involved in the regulation of CcsA, its presence in
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Chlamydomonas opens up a wholly new need in plastid biogenesis of cytochromes cs
that has hitherto been unsuspected.

In the case of a luminal thiol-oxidase, there are many implications for such a
protein. Presence of a thiol oxidant within the lumen was previously believed to be
unnecessary, because of the predominance of oxidizing protons with this compartment.
However, with the discovery of LTO1, we are left with many questions about the thiol-
disulfide pathways within the chloroplast. For instance, is there a reducing pathway
necessary for PsbO assembly like that seen in bacteria, or do eukaryotes handle the
problem of free-disulfides differently than their prokaryotic counterparts? Furthermore,
the presence of such a pathway opens up the doors for production of disulfide-bridge
containing proteins within the lumen of plants and algae.

In work not presented here, the molecular lesion in another ccs allele, ccs6, was
identified. This lesion removes three genes from the nucleus of Chlamydomonas. One of
these genes has an ortholog in Arabidopsis that is co-regulated with CCS4. This
introduces the intriguing possibility of a completely novel redox pathway inside the
chloroplast.

Finally, in considering chloroplast genome bioengineering, we are left marvelling
at the plasticity of these organelles. The ability to complement a chloroplast targeted
protein by transformation of the chloroplast itself is a powerful tool that our lab already
harnessed to our own benefit. This is particularly relevant in Chlamydomonas, as we are
currently unable to perform transformations via homologous recombination within the
nucleus. However, we are able to manipulate the chloroplast genome in this manner. The

ability to complement nuclear mutants in this way gives us a powerful tool in dissecting

130



chloroplast pathways.
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