Protein stability and degradation in plastids

Zach Adam

Abstract

Steady-state levels of chloroplast proteins rely on the balance between synthesis
and degradation rates. Thus, the importance of protein-degradation processes in
shaping the chloroplast proteome, and hence proper organellar functioning, cannot
be overestimated. Chloroplast proteases and peptidases participate in chloroplast
biogenesis through maturation or activation of pre-proteins, adaptation to chang-
ing environmental conditions through degradation of certain proteins, and mainte-
nance of protein quality through degradation of unassembled or damaged proteins.
These activities are mediated by ATP-dependent and -independent proteases,
many of which are encoded by multigene families. Newly imported proteins are
processed by stroma- and thylakoid-localized peptidases that remove signal se-
quences, which are then further degraded. The multisubunit ATP-dependent Clp
and FtsH complexes degrade housekeeping and oxidatively damaged proteins in
the stroma and thylakoid membranes, respectively. A number of other chloroplast
proteases have been identified, but their function and substrates are still unknown,
as are the nature of degradation signals and determinants of protein instability. Fu-
ture research is expected to focus on these questions.

1 Introduction

The chloroplast proteome comprises more than 2000 nuclear- and chloroplast-
encoded proteins. Steady-state levels of these proteins are determined by the bal-
ance between transcription and translation rates on the one hand, and degradation
rates on the other. Thus, the importance of protein-degradation processes in shap-
ing the chloroplast proteome, and hence proper functioning of the organelle, can-
not be overestimated. Proteolytic activities, determined as cleavage of peptide
bonds, are carried out by proteases or peptidases, which differ in a number of as-
pects. Some activities are limited to the hydrolysis of a single bond in a given sub-
strate, whereas others function processively. Products of such activities can be ei-
ther free amino acids or peptides of different lengths, from di- and tri-peptides to
much longer ones. The hydrolysis itself can be catalyzed by different mechanisms,
depending on the chemistry of the active site, giving rise to the categorization of
proteases into seven different families based on the catalytic centers: serine, cys-
teine, aspartic, metalloproteases, threonine, glutamic, and peptidases of unknown
catalytic mechanisms. Although cleavage of a peptide bond does not require
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metabolic energy, some proteases couple the hydrolysis of ATP to the unfolding
of their substrates as a prerequisite for the actual cleavage of peptide bonds. The in
vivo contexts of proteolytic reactions are also highly variable: maturation or acti-
vation of pre-proteins require either N- or C-terminal processing by specific pepti-
dases; proteolytic enzymes participate in some cases of signal transduction by re-
leasing factors from membranes into the soluble phase; rapid turnover rates of
certain regulatory proteins allow their function as ‘timing proteins’ in the control
of gene expression; protein quality control is maintained by the degradation of un-
assembled or damaged proteins. Thus, proteolytic processes are intimately in-
volved in almost every aspect of the cell’s life cycle. Organelles such as chloro-
plasts are no exception. Although examples have been documented for the
involvement of only some of the above proteolytic processes in chloroplasts, it is
already clear that proteases play an essential role in this organelle’s biogenesis and
function.

Looking back 25 years or so, research in the field of chloroplast proteolysis can
be roughly divided into three periods. During the 1980s and early 1990s, a number
of proteolytic processes were documented and characterized. However, attempts
to identify the proteases involved in these processes, primarily through biochemi-
cal approaches, were largely unsuccessful. In the mid-1990s, the identities of the
chloroplast proteases began to be revealed. These all turned out to be homologues
of known bacterial proteases. Completion of the Arabidopsis genome project en-
abled comprehensive homology searches, and in conjunction with the use of pro-
grams for predicting the intracellular location of proteins, a list of putative com-
ponents of the proteolytic machinery of chloroplasts was compiled (Sokolenko et
al. 2002). Research in the field in recent years has been characterized by attempts
to link identified proteases with the previously described proteolytic processes,
and to reveal their physiological roles, primarily through a reverse-genetics ap-
proach.

This chapter reviews the different components of the chloroplast proteolytic
machinery, the different proteolytic processes delineated to date in chloroplasts,
and the limited information on determinants of protein stability and instability in
chloroplasts. Where possible, proteolytic enzymes will be referred to according to
their names and classification in the peptidase database MEROPS (Rawlings et al.
2006) (http://merops.sanger.ac.uk/index.htm) and its corresponding handbook
(Barrett et al. 2004).

2 Major chloroplast proteases

Given the prokaryotic evolutionary origin of chloroplasts, it is not surprising that
all chloroplast proteases are homologues of known bacterial ones. In fact, this re-
lationship facilitated the initial identification of some chloroplast proteases. Prote-
ases involved in intracellular proteolysis in any biological system can be catego-
rized, based on their energy requirement, into ATP-dependent and -independent
ones. Hydrolysis of a peptide bond does not require metabolic energy. Thus, the



Protein stability and degradation in plastids 317

ClpC1,2
ClpP1,R1-4

CIpP3-6 CND41 gy
\ |

Deg2

Thylakoid

membrane

Fig. 1. Distribution and characteristics of chloroplast proteases. Serine proteases are de-
picted in red, metalloproteases are in purple, and the one aspartic protease is in orange. Ar-
rows indicate ATPases that are found either together with the protease domain on the same
polypeptide (FtsH and Lon proteases) or on a separate polypeptide (Clp protease). Ribbons
attached to peptidases indicate precursor proteins processed by them.

requirement for ATP in certain enzymes is limited to unfolding the substrate and
feeding it into a catalytic chamber, which is secluded from the cellular environ-
ment, a paradigm that led to classifying these enzymes as self-compartmentalizing
proteases (Baumeister et al. 1998). Similar to all bacteria, chloroplasts contain
both ATP-dependent and independent proteases. However, whereas Escherichia
coli and most other bacteria contain single genes encoding these enzymes, higher
plants have evolved multiple genes for most of them (Adam et al. 2001). These
enzymes are described below.

2.1 Clp protease

Clp protease in E. coli is a multisubunit complex, composed of two main compo-
nents, proteolytic, and regulatory (for review, see Sauer et al. 2004). The prote-
olytic chamber is made up of two heptameric rings of the serine peptidase ClpP.
Together, they form a barrel-like structure with a narrow inlet and an internal cav-
ity where the active-site subunits, composed of the catalytic triad of Ser-His-Asp,
are located. The openings of the ClpP subcomplex are capped by hexameric rings
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of specific ATP-dependent chaperones of the AAA" superfamily (Neuwald et al.
1999), either ClpA or ClpX, which recognize potential substrates, unfold them,
and feed them into the catalytic chamber. ClpAP and ClpXP specifically degrade
different regulatory proteins, and participate in protein quality control by degrad-
ing aggregated, misfolded and otherwise abnormal proteins (Sauer et al. 2004).

Chloroplast Clp protease is much more complex (for recent reviews, see Clarke
et al. 2005; Adam et al. 2006). ClpP in Arabidopsis (peptidase S14.002) is en-
coded by six different genes, giving rise to proteins of 20 to 29 kDa, five of which
are targeted to chloroplasts. Only one of these, ClpP2, is targeted to mitochondria
where, together with ClpX, they form the mitochondrial Clp complex (Halperin et
al. 2001b; Peltier et al. 2004). One of the ClpPs, ClpP1, is the only component of
the chloroplast proteolytic machinery that is encoded in the organelle’s genome.
The Arabidopsis nuclear genome encodes four ClpP-like proteins, designated
CIpR. These are similar in size and sequence to ClpP and located exclusively in
chloroplasts, but they lack the conserved residues of the catalytic triad, and thus
are not expected to perform a proteolytic function. The ClpP cognate chaperones
in Arabidopsis include two copies of ClpC, the plant homologue of ClpA, and an-
other related protein designated ClpD, all located in the chloroplast, and three
ClpX proteins that are located in the mitochondria. Expression of all of these, with
the exception of ClpD, appears to be constitutive under different short- and long-
term stress conditions (Zheng et al. 2002). Additional Clp proteins include two
copies of ClpS and one of ClpT. ClpS is unique to land plants, being absent from
algae and cyanobacteria, and shares homology with the N terminus of ClpC
(Peltier et al. 2001). CIpT is homologous to the E. coli ClpS (which shares no ho-
mology with the Arabidopsis ClpS), a substrate modulator of the bacterial CIpAP
complex (Dougan et al. 2002), which is essential for the operation of the N-end
rule pathway (see Section 6) in bacteria (Erbse et al. 2006).

Native isoelectric focusing followed by mass spectrometry revealed that the
core of the chloroplast Clp protease is a complex of 325 to 350 kDa, composed of
one to three copies of ClpP (ClpP1, ClpP3-CIpP6), four copies of ClpR (ClpR1-
CIpR4), and one copy of ClpS (Peltier et al. 2001). Interestingly, the same core
Clp complex is found in the stroma of chloroplasts and non-green plastids from
roots and flowers (Peltier et al. 2004). More recent work, using native poly-
acrylamide gel electrophoresis followed by immunoblot analysis with specific an-
tibodies for each of the Clp isomers, has shed more light on the structure of the
core Clp complex. Two sub-core complexes were observed, probably correspond-
ing to the two different rings. Whereas a 335-kDa core contained all chloroplastic
ClpP and CIpR subunits, two smaller sub-complexes had different compositions: a
230-kDa complex contained ClpP1 and ClpR1-ClpR4, and a 180-kDa complex
contained ClpP3-ClpP6 (Sjogren et al. 2006). How this asymmetrical distribution
of subunits between the different rings affects the function of the Clp core remains
to be determined.

Knockout and downregulation of Clp genes revealed some of the functions of
Clp protease in vivo. Disruption of the chloroplast ClpP1 gene in tobacco resulted
in loss of shoot development (Shikanai et al. 2001; Kuroda and Maliga 2003).
Since there is still no reliable chloroplast transformation system for Arabidopsis, it
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is not known whether inactivation of the ClpP1 gene in this species would be as
detrimental as in tobacco. Inactivation or downregulation of several ClpP, ClpR
and ClpC genes in Arabidopsis led to phenotypes of variable severity. Viable
ClpP4 and ClpP6 knockout mutants could not be obtained, but repression of their
expression by antisense constructs resulted in slow growth and a variegated ‘yel-
low-heart’ phenotype (Sjogren et al. 2006; Zheng et al. 2006). Yellow variegated
leaves were also observed in rice as a result of disrupting the ClpP5 gene (Tsugane
et al. 2006). Mutations leading to loss of ClpR1 (Koussevitzky et al. 2007) or a
lower level of ClpR2 (Rudella et al. 2006) also resulted in a slow-growing, pale
green phenotype. These results suggest that CIpR, although lacking a proteolytic
site, is important for stabilizing the structure and/or regulating the function of the
chloroplast Clp protease. However, details of ClpR’s involvement are unknown.

Mutations in the regulatory ATPase have somewhat less severe consequences
than mutations in ClpPs. ClpC1 mutants can grow autotrophically, but they are
small and pale relative to wild type plants (Constan et al. 2004; Sjogren et al.
2004; Kovacheva et al. 2005). In contrast, a ClpC2 mutant is indistinguishable
from the wild type (Park and Rodermel 2004), suggesting that the two copies of
CIpC are redundant. It is not known why these two mutants have different pheno-
types, but it might be due to different levels of accumulation of these two isomers,
such that loss of the more abundant one has more severe effects.

Insights into the structure of the Clp core complex were also obtained from
these mutants. The T-DNA line of CIpR2 was not a complete knockout. Instead, it
contained lower levels of the CIpR2 transcript and protein (Rudella et al. 2006).
Interestingly, this was accompanied by a decrease in the level of all other Clp
core-complex subunits, demonstrating that they are all essential for the assembly
and stability of the complex. Furthermore, the same analysis that suggested that
the two heptameric rings have different compositions (Sjogren et al. 2006) was
performed on the ClpP6 mutant; in the absence of ClpP6, the other components of
the ring (ClpP3-ClpP5) did not accumulate, whereas components of the other ring
(ClpP1 and ClpR1-ClpR4) did. However, only small amounts of the existing rings
dimerized (Sjogren et al. 2006). Thus, it appears that each of the rings is stabilized
only if it contains the full complement of its components, and that most, if not all
of these components are not redundant.

2.2 FtsH protease

The E. coli FtsH is a membrane-bound ATP-dependent metalloprotease (for a re-
cent review, see [to and Akiyama 2005). Of all the ATP-dependent proteases in
this organism, FtsH is the only essential one. Unlike Clp protease, its proteolytic
and ATPase domains are found on the same polypeptide and not on separate ones.
The N terminus of the protein contains two trans-membrane helices, which anchor
the protein to the plasma membrane. This region is followed by the ATPase do-
main, which relates this protein to the AAA" superfamily (Neuwald et al. 1999).
The proteolytic domain of the protein is found in the C terminus of the protein,
and it contains the zinc-binding motif His-Glu-X-X-His, which serves as the cata-
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lytic site of the protease. Similar to other ATP-dependent proteases, FtsH forms a
hexameric ring-like structure, in which access to the proteolytic site is controlled
by the ATPase domain. Details of these structural features were recently revealed
when the three-dimensional structure of bacterial FtsH was determined
(Bieniossek et al. 2006; Suno et al. 2006).

The FtsH gene family in Arabidopsis contains twelve members (for recent re-
views, see Adam et al. 2005, 2006; Sakamoto 2006). Products of three of these
(FtsH3, FtsH4, and FtsH10) are targeted to the mitochondria whereas the other
nine (FtsH1, FtsH2, FtsH5-FtsH9, FtsH11, and FtsH12) are targeted to the chloro-
plasts, as revealed by transient-expression assays with GFP fusions (Sakamoto et
al. 2003). Mass spectrometry analyses confirmed the presence of FtsH1, FtsH2,
FtsHS and FtsHS8 in chloroplasts (Friso et al. 2004; Sinvany-Villalobo et al. 2004;
Yu et al. 2004). Immunoblot analysis of isolated organelles suggested that
whereas FtsH4 is located exclusively in the mitochondria, FtsH11 is dually tar-
geted to both the mitochondria and chloroplasts (Urantowka et al. 2005). The
chloroplast-targeted FtsH1 and FtsHS, FtsH2 and FtsH8, and FtsH7 and FtsH9
comprise three pairs of duplicated genes (see phylogenetic trees in Sakamoto et al.
2003; Yu et al. 2004; Adam et al. 2005). Of the four proteins that were indeed
identified in chloroplasts, FtsH2 is the most abundant, followed by FtsHS5, FtsHS
and FtsH1, in decreasing order of abundance (Sinvany-Villalobo et al. 2004). The
differential abundance of these four FtsHs is positively correlated with the severity
of phenotypes associated with mutations in the corresponding genes. FtsH2 mu-
tants have variegated leaves, containing distinct green and yellow/white sectors
(Chen et al. 2000; Takechi et al. 2000). Mutants in FtsH5 have only slightly varie-
gated leaves (Sakamoto et al. 2002), whereas mutants in FtsH1 and FtsHS are in-
distinguishable from wild type plants (Sakamoto et al. 2003). These mutant phe-
notypes suggest that FtsH might be involved in chloroplast biogenesis.

The size of the chloroplast FtsH monomer (peptidase M41.005) is ~74 kDa. It
is located in the thylakoid membrane with its ATPase and proteolytic domains fac-
ing the stroma (Lindahl et al. 1996). It forms a complex of 400 to 450 kDa, which
is probably a hexamer (Sakamoto et al. 2003; Yu et al. 2004). Several lines of evi-
dence suggest that FtsH complexes are heteromeric: FtsH2 and FtsHS5, identified
by either specific antibodies or mass spectrometry, co-migrate on native gels, su-
crose gradients and size-exclusion chromatography. Moreover, in mutants lacking
one of these proteins, the level of the other is also reduced (Sakamoto et al. 2003;
Yu et al. 2004). Although an authentic native FtsH complex has not yet been puri-
fied to homogeneity, insights into its composition can be obtained from overex-
pression experiments and analysis of single and double knockout mutants. Over-
expression of FtsH8 compensates for the loss of its duplicated gene FtsH2 (Yu et
al. 2004), and FtsH1 can compensate for the loss of its close homologue FtsH5
(Yu et al. 2005). However, attempts to restore the wild type phenotype by overex-
pressing FtsHS in the FtsH2-mutant background were unsuccessful. Furthermore,
double mutants of duplicated genes, either FtsH1 and FtsHS, or FtsH2 and FtsHS,
were completely albino, and could grow only on agar plates supplemented with
sucrose. In each of these double mutants, the presumably remaining FtsHs did not
accumulate (Zaltsman et al. 2005b). Taken together, these results suggested that
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the chloroplast FtsH complex is a hetero-oligomer composed of two types of sub-
units, each encoded by duplicated genes. Whereas subunits within a type are re-
dundant, the presence of subunits from both types is essential for accumulation of
the complex (Adam et al. 2005, 2006; Zaltsman et al. 2005b). Moreover, previous
quantification of the different isomers (Sinvany-Villalobo et al. 2004) now sug-
gests that the FtsH hexamer is composed of two subunits of ‘type A’—FtsH1
and/or FtsH5, and four subunits of ‘type B’—FtsH2 and/or FtsH8 (Zaltsman et al.
2005b; Adam et al. 2006). Why two types of subunits are needed for accumulation
of the complex is not clear, but these conclusions, based primarily on genetic
analyses, will have to be confirmed by a biochemical approach.

The FtsH protein does not accumulate in etiolated seedlings (Lindahl et al.
1996). Expression studies on the different FtsH genes demonstrated an increase in
all of their transcript levels in response to short-term (2.5 h) exposure to high light
intensity. Temperature shifts, to either high or low temperature, had almost no ef-
fect on FtsH transcript level (Sinvany-Villalobo et al. 2004). Interestingly, expo-
sure to high light resulted in a transient decrease in the level of the FtsH protein it-
self (Zaltsman et al. 2005a). Thus, it is possible that the increase in FtsH transcript
level in response to high light only compensates for the temporary loss of FtsH
protein induced by this treatment, enabling its restoration to normal levels. Consis-
tent with this view are recent findings from a proteomic analysis of the response to
high light, where no increase in the level of chloroplast proteases or chaperones,
including FtsH, was observed (Giacomelli et al. 2006). Differential spatial expres-
sion of different FtsHs can also be ruled out, as GUS-fusion experiments revealed
similar patterns for FtsH1, FtsH2, FtsH5, and FtsH8 (Yu et al. 2004, 2005). How-
ever, FtsH transcript and protein levels appear to increase during the initial stages
of Arabidopsis seedling development (Zaltsman et al. 2005a).

2.3 Lon protease

Another ATP-dependent protease in E. coli is Lon. Similar to FtsH protease, its
ATPase and proteolytic domains are found on the same polypeptide. It is a
hexameric serine protease that uses a Ser-Lys dyad in its active site (Botos et al.
2004), which is required for the degradation of abnormal as well as several short-
lived regulatory proteins (for review, see Gottesman 1996). Plant homologues of
Lon protease (peptidase S16.003) have been identified in mitochondria (Barakat et
al. 1998; Sarria et al. 1998), but apparently they are also found in chloroplasts.
Transient-expression assay of GFP fusions revealed that of the four genes found in
Arabidopsis, products of Lonl and Lon2 are targeted to the mitochondria and per-
oxisomes, respectively, whereas Lon4 is dually targeted to both the mitochondria
and chloroplasts (Ostersetzer et al. 2007). Proteomic analysis of mitochondria re-
vealed the presence of Lon3 in this organelle (Heazlewood et al. 2004; Heazle-
wood and Millar 2005). Moreover, immunoblot analysis of purified chloroplasts
with an antibody against Lon1 revealed a cross-reacting protein of the correct size
that was tightly associated with thylakoid membranes facing the stroma (Osterset-
zer et al. 2007). This association is consistent with the previous localization of
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plant Lon to the inner membrane of the mitochondria (Sarria et al. 1998), and the
archaeal Lon to the plasma membrane (Fukui et al. 2002). Expression of Lon4 ap-
pears to be constitutive, as its transcript level did not change upon exposure to
high light, or low or high temperatures (Sinvany-Villalobo et al. 2004). The oli-
gomeric structure of the plant Lon protease, in chloroplasts or mitochondria, is not
known.

2.4 Deg protease

The E. coli DegP (also known as HtrA) is an ATP-independent serine protease,
peripherally attached to the periplasmic side of the plasma membrane, which is es-
sential for survival at elevated temperatures (for review, see Clausen et al. 2002).
DegP forms a hexameric complex, made up of two staggered trimers. Its monomer
size is 48 kDa, composed of two distinct domains: the proteolytic domain, with a
typical catalytic triad of Ser-Asp-His, is found at the N terminus. Two PDZ do-
mains in tandem, implicated in protein-protein interactions, are located at the C
terminus. In addition to its proteolytic activity, DegP demonstrates chaperone ac-
tivity. Whereas the chaperone activity dominates at low temperatures below 22°C,
the proteolytic activity is manifested at elevated temperatures (Spiess et al. 1999).
This transition between the two activities can be explained by the structure of the
protein. At normal temperatures, the active site of the protease is blocked by seg-
ments of the protein itself. At elevated temperatures, a conformational change is
induced, which makes the active site accessible to substrates (Krojer et al. 2002).

The Arabidopsis genome contains 16 genes homologous to DegP. These have
been recently renamed Deg proteases (for a recent review, see Huesgen et al.
2005). Products of four of these have been identified in chloroplasts. Deg2 is
found peripherally attached to the stromal side of the thylakoid membrane
(Haussuhl et al. 2001), whereas Degl, Deg5, and Deg8 are found in the lumen
(Itzhaki et al. 1998; Peltier et al. 2002; Schubert et al. 2002). Size-exclusion
chromatography demonstrated that recombinant Degl can form hexamers
(Chassin et al. 2002). Nevertheless, the oligomeric structure of native Degl has
yet to be determined. The presence of Degl, Deg5, and Deg8 in the same com-
partment suggests their interaction, but this possibility still needs to be tested ex-
perimentally. Expression analysis has shown a fourfold increase in the transcript
level of Degl and Deg8 upon exposure of Arabidopsis plants to a short-term high-
light treatment, whereas temperature shifts had no effect (Sinvany-Villalobo et al.
2004). However, it is not known whether this increase is accompanied by a paral-
lel increase in protein level.

2.5 Intramembrane proteases
Intramembrane proteolysis refers to a relatively recently discovered phenomenon,

the cleavage of peptide bonds within trans-membranes helices. Such cleavage
events are catalyzed by four groups of proteases: S2P, Presenilin, SPP, and
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Rhomboid (for reviews, see Weihofen and Martoglio 2003; Wolfe and Kopan
2004). Two recent studies identified homologues of S2P in chloroplasts. A genetic
screen for Arabidopsis mutants deficient in both chlorophyll accumulation and
ethylene-induced gravitropism revealed EGY 1, a 59-kDa membrane-bound metal-
loprotease that is located in the chloroplast (Chen et al. 2005). Although the in-
traorganellar location of EGY1 was not determined, mutant plants had reduced
levels of granal stacks and light-harvesting complex (LHC) proteins, suggesting
that this protease is required for proper chloroplast development. Another protease
related to S2P, designated AraSP, was localized to the chloroplast inner-envelope
membrane (Bolter et al. 2006). Antisense and T-DNA insertion lines of this prote-
ase demonstrated severely impaired chloroplast biogenesis. However, how these
proteases are involved in chloroplast biogenesis is not clear. As for other intram-
embrane proteases, although homologous genes are found in plant genomes, and
products of some of these are predicted to reside in chloroplasts, no reports on
these have appeared yet.

3 Proteolytic processes in chloroplasts and the enzymes
involved

3.1 Maturation of pre-proteins

Similar to all proteins synthesized in prokaryotic organisms, the 80 or so proteins
synthesized within the chloroplast contain an N-formyl Met residue at their N ter-
minus. Most of these proteins undergo maturation that involves two hydrolytic re-
actions: the N-formyl group is removed by peptide deformylase (PDF), and in
most cases, this is followed by the activity of methionine aminopeptidase (MAP)
(peptidase M24.001), which removes the N-terminal Met residue (Giglione and
Meinnel 2001; Giglione et al. 2003). Thus, the activity of MAP has implications
for the identity of the N-terminal residue of proteins encoded and synthesized in
chloroplasts, and hence, might affect their stability through the N-end rule path-
way (see Section 0).

Most chloroplast proteins are encoded in the nucleus and imported post-
translationally into the organelle (see Chapter 11). A key feature in their targeting
and import is their N-terminal transit peptide, which is cleaved off in the stroma
during or shortly after import. This cleavage event is catalyzed by the stromal
processing peptidase (SPP) (peptidase M16.004). SPP is a metalloprotease of
~140 kDa, containing the inverted zinc-binding motif HXXEH at its catalytic site
(for a recent review, see Richter and Lamppa 2005). Recombinant SPP was shown
to be able to cleave a wide range of chloroplast precursor proteins in vitro (Richter
and Lamppa 1998), suggesting that SPP is the only enzyme responsible for this
processing step. This contention was supported by in vivo studies in which expres-
sion of the single Arabidopsis SPP gene was downregulated by an antisense con-
struct, resulting in lethal seedlings (Zhong et al. 2003).
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After cleavage of the transit peptide, it remains bound to SPP. Its release from
the enzyme is mediated by another cleavage event, carried out by SPP, which re-
sults in the release of two subfragments into the stroma. These subfragments are
then further degraded by a soluble metalloprotease (Richter and Lamppa 1999).
More recent work has suggested that degradation of the transit peptide is catalyzed
by a 110-kDa metalloprotease designated pre-sequence protease (PreP) (peptidase
M16.012; for a recent review, see Glaser et al. 2006). Arabidopsis contains two
such genes, the products of which are dually targeted to both the chloroplasts and
mitochondria, where they perform a similar function—degradation of the respec-
tive signal peptides (Bhushan et al. 2003). The crystal structure of this enzyme
was recently determined, demonstrating that the active-site pocket is composed
not only of the inverted zinc-binding motif HXXEH found in the N terminus, but
also of more remote Arg and Tyr residues from the C terminus of the enzyme
(Johnson et al. 2006). Identification and characterization of PreP as the protease-
degrading signal peptide (Glaser et al. 2006) is consistent with the previous sug-
gestion that a metalloprotease catalyzes this step (Richter and Lamppa 1999).
However, since degradation of transit peptides by SPP and PreP has been studied
mostly in vitro, it is not clear whether formation of two subfragments of the transit
peptide by SPP is a prerequisite for further degradation by PreP. In any case, since
PreP cleaves peptides in the range of 10 to 65 residues, but not shorter ones (Stahl
et al. 2002, 2005), products of PreP activity must be further degraded by other as
yet unidentified peptidases.

Nuclear-encoded proteins targeted to the thylakoid lumen are synthesized with
a bipartite transit peptide. They are first processed by SPP in the stroma to yield an
intermediate form, which is then translocated across the thylakoid membrane (see
Chapter 11). This translocation step is followed by cleavage of the thylakoid-
targeting sequence by the thylakoidal processing peptidase (TPP) (peptidase
S26.008), a homologue of type I signal peptidase (for review, see Paetzel et al.
2002). TPP is an ~30-kDa membrane-bound serine protease that uses a Ser-Lys
dyad for catalysis (Chaal et al. 1998). However, it is not known whether TPP fur-
ther degrades the cleaved thylakoid-targeting sequence, or if complete degradation
to free amino acids is catalyzed by other lumenal peptidases. Chloroplasts contain
another homologue of this peptidase, designated plastidic SPase I (PIsP1) (Inoue
et al. 2005). This peptidase was recently implicated in the maturation of Toc75, a
component of the protein translocation machinery at the outer envelope mem-
brane, which undergoes multiple maturation steps. Toc75 is first processed by SPP
in the stroma, and then, after being targeted to the outer envelope membrane,
cleaved again to yield the mature protein (Tranel and Keegstra 1996; Inoue and
Keegstra 2003). This second step in the maturation of Toc75 is catalyzed by PlsP1
(Inoue et al. 2005). Interestingly, this peptidase has been localized to the envelope
as well as to thylakoid membranes. Consistent with this dual localization was the
observation that a PIsP1 knockout plant demonstrates accumulation of unproc-
essed forms of both Toc75 and the lumenal protein OE33 (Inoue et al. 2005).

Precursor processing is not limited to nuclear-encoded chloroplast proteins. The
best characterized example of processing of a chloroplast-encoded protein is the
D1 protein of photosystem II (PSII) reaction center. D1 is synthesized with a C-
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terminal extension of unknown function. However, it is well established that this
extension needs to be removed before the oxygen-evolving complex can assemble
together with the core PSII complex (e.g. Taguchi et al. 1995). This maturation
step is carried out by the C-terminal protease-2 (CtpA) (peptidase S41.002). CtpA
is a 45-kDa soluble serine protease, which uses a catalytic Ser-Lys dyad located in
the lumen (Inagaki et al. 1996; Yamamoto et al. 2001). To date, there is no evi-
dence for its involvement in any proteolytic process beyond maturation of the D1
protein. Another chloroplast-encoded protein that is processed in the thylakoid
lumen is cytochrome f. This protein is synthesized with an N-terminal extension.
The function of this extension and the peptidase involved are unknown.

3.2 Adaptation to changing light intensities

Although light is essential to plants, it may also have detrimental effects on them,
a phenomenon known as ‘photoinhibition’ (Barber and Andersson 1992). Plants
have evolved a number of strategies to avoid the harmful effects of light on the
photosynthetic machinery, and one of them involves proteolysis. Long-term adap-
tation to an increase in light intensity is accompanied by a decrease in the antenna
size of PSII, leading to a decrease in the amount of excitation energy being fun-
neled to the reaction center. This modulation of antenna size is achieved by prote-
olytic degradation of a subset of LHCII subunits (Lindahl et al. 1995; Yang et al.
1998). Several biochemical attempts to identify the protease involved in this proc-
ess have been unsuccessful, but a recent report on a specific Arabidopsis mutant
suggested the involvement of the FtsH6 protease (Zelisko et al. 2005). However,
low sensitivity of the degradation assay and high variability within and between
experiments suggested that further experimentation was needed before a firm con-
clusion could be made. Another proposed candidate for this activity is SppA, a
homologue of the E. coli SppA protease (peptidase S49.001), which functions as a
signal-peptide peptidase in bacteria. SppA is a thylakoid-membrane-bound, light-
induced serine protease—characteristics which are consistent with its speculated
role in LHCII degradation (Lensch et al. 2001). Interestingly, this is the only thy-
lakoid protease whose level increased in response to high light (Giacomelli et al.
2006). Nevertheless, direct experimental support for the involvement of SppA in
this process is still lacking.

The transition from high to low light is also accompanied by protein degrada-
tion. The best known example in this context is the ‘early light-inducible protein’
(ELIP). This protein, which is structurally related to LHCs, is rapidly degraded
upon such a transition (Adamska et al. 1993). Despite its initial characterization
(Adamska et al. 1996), the involved protease has not yet been identified.

3.3 Protein quality control

Accumulation of all major photosynthetic complexes requires coordination be-
tween the chloroplast and nuclear genomes. Although advances have been made in
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recent years in understanding how these genomes communicate with each other
(see Chapter by Brautigam et al.), little is known about the mechanisms involved
in regulating the correct stoichiometry between the different subunits of a given
complex. In this context, it is assumed that fine-tuning of their levels is achieved
by proteolytic degradation of super-stoichiometric subunits. First support for this
assumption comes from a work published more than 20 years ago. Inhibition of
protein synthesis in the chloroplast of Chlamydomonas, including that of the large
subunit of Ribulose 1,5-bisphosphate carboxylase/oxygenase, resulted in degrada-
tion of the nuclear-encoded small subunit within the chloroplast (Schmidt and
Mishkind 1983). These results suggested that unassembled subunits of a multipro-
tein complex are rapidly degraded. Indeed, similar observations have been made
in other photosynthetic complexes as well. For instance, in Chlamydomonas, when
cytochrome bg, subunit IV and the Rieske protein of the cytochrome bs-f complex
cannot assemble with cytochrome f; they are rapidly degraded (Kuras and Woll-
man 1994). Similarly, a point mutation in the Rieske protein led to a significant
decrease in its level, as well as the levels of other subunits of the cytochrome b4-f
complex. Crossing this mutant with one containing reduced levels of ClpP1 re-
sulted in stabilization of these proteins, suggesting a role for Clp protease in the
degradation of some unassembled proteins (Majeran et al. 2000).

In vitro studies have hinted at a role for Clp protease in the degradation of un-
assembled or abnormal proteins in the stroma as well. Mistargeting of the lumenal
protein OE33 to the stroma resulted in its rapid degradation, with characteristics
reminiscent of those of Clp protease (Halperin and Adam 1996; Halperin et al.
2001a). A similar function may be fulfilled by other proteases as well. Experi-
ments with wild type or mutant forms of the Rieske protein have demonstrated
that molecules that fail to translocate across the thylakoid membrane are rapidly
degraded by a membrane-bound metalloprotease. This in vitro degradation reac-
tion could be inhibited by increasing amounts of antibody against native FtsH
(Ostersetzer and Adam 1997), suggesting that FtsH may be involved in protein
quality control in the chloroplast as well.

Many mutants have been shown to contain lower levels of subunits in a com-
plex when one other subunit is missing. This observation is often interpreted as
degradation of the not-fully-assembled complex. However, such conclusions
should be viewed with caution when no direct evidence for degradation is pro-
vided, for instance, through pulse-chase experiments. In some cases, translation of
a complex’s subunits is regulated by one component of the complex (a regulatory
mechanism known as ‘control by epistasy’, see Minai et al. 2006 and references
therein). Thus, lower levels of the subunits in a complex may result from reduced
rates of translation in the chloroplast and not only from degradation of unassem-
bled ones.

It has long been known that chloroplast proteins are unstable without their co-
factors. For example, in the absence of chlorophyll, due to either inhibition of syn-
thesis or mutation, chlorophyll-binding proteins are rapidly degraded (e.g. Kim et
al. 1994 and references therein). Similarly, the lack of a single copper ion is suffi-
cient to destabilize the electron carrier plastocyanin (Li and Merchant 1995).
These observations suggest that minor structural changes, induced by a lack of
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minor components of a protein, may render it susceptible to proteolysis. Neverthe-
less, although the above examples have long been known, the proteases involved
in degrading these substrates remain a mystery.

3.4 Oxidatively damaged proteins

Not all light energy absorbed by the photosynthetic antenna is converted to chemi-
cal energy. Depending on environmental conditions, free radicals are generated in
chloroplasts, and despite the presence of free-radical scavengers, chloroplast pro-
teins are highly prone to oxidation processes, which may impair their structure and
function. The best characterized oxidatively damaged protein in the chloroplast is
the D1 protein of the PSII reaction center. Oxidative damage leads to its inactiva-
tion, and hence, to photoinhibition (for reviews, see Andersson and Aro 2001;
Yamamoto 2001). A prerequisite for the repair of photoinhibited PSII is degrada-
tion of the D1 protein, and numerous attempts have been made to identify the pro-
tease(s) involved. Biochemical approaches have been largely unsuccessful. How-
ever, the identification of chloroplast proteases and availability of protease
mutants have enabled testing the possible involvement of specific proteases in D1
degradation.

Attempts to test the potential involvement of FtsH in the degradation of DI
were first made using recombinant GST-FtsH1 (Lindahl et al. 2000). These ex-
periments demonstrated weak albeit significant activity of the recombinant en-
zyme against the initial 23-kDa degradation product of the D1 protein, but not
against the full-length protein. The weak activity and limited specificity may result
from the homomeric nature of the recombinant enzyme used in vitro, as opposed
to the heteromeric nature of the enzyme found in vivo, as described in Section 2.2.
Variegated mutants of FtsH2 and FtsH5 provided an opportunity to test the possi-
ble involvement of FtsH protease in the repair cycle of PSII in vivo as well. These
mutants demonstrated increased sensitivity to photoinhibition compared to the
wild type, as revealed by PSlI-activity measurements (Bailey et al. 2002; Saka-
moto et al. 2002). Consistent with this proposed role was the finding that the D1
protein is stabilized, probably in an inactive form, in FtsH mutant plants after ex-
posing them to photoinhibitory illumination (Bailey et al. 2002).

Deg2, associated with the stromal side of the thylakoid membrane, has also
been implicated in D1 degradation. An in vitro study demonstrated that recombi-
nant Deg?2 could cleave the D1 protein at its stromal loop connecting the fourth
and fifth trans-membrane helices, yielding an N-terminal 23-kDa product and a C-
terminal 10-kDa product, suggesting that this protease participates in the initial
stages of D1 degradation (Haussuhl et al. 2001). However, a recent in vivo study
with mutants lacking Deg2 demonstrated a rate of D1 degradation under light
stress that was comparable to the wild type, suggesting that Deg2 is not essential
for D1 degradation (Huesgen et al. 2006).

A recent study suggested that Degl, located on the luminal side of the thyla-
koid membrane, might also be involved in D1 degradation (Kapri-Pardes et al.
2007). Transgenic plants expressing a RNAi construct accumulated less Degl,
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were smaller than wild type and more sensitive to photoinhibition. These plants
accumulated more of the D1 protein, probably in an inactive form, but less of 16-
and 5.2-kD degradation products. Moreover, addition of recombinant Degl to in-
side-out thylakoid membranes could induce the formation of the 5.2-kD D1 C-
terminal fragment in vitro. Taken together, these results suggest that Degl cooper-
ate with proteases found on the stromal side of the membrane in the degradation of
D1 protein during repair from photoinhibition (Kapri-Pardes et al. 2007).

A Chlamydomonas ATP synthase mutant has also been shown to lose PSII
upon exposure to light. Crossing this mutant with a strain containing lower levels
of ClpP resulted in stabilization of several PSII subunits, including the D2 protein,
CP43 and CP47 (Majeran et al. 2001). It is not known whether this degradation
process is identical to the one occurring in response to exposure to photoinhibitory
conditions, or even whether the effect of Clp protease is direct or not. Neverthe-
less, these results suggest the involvement of soluble Clp protease in the degrada-
tion of membrane substrates as well.

4 Other functions

4.1 Nutrient stress and senescence

Nutrient stresses and senescence are both characterized by the need to remobilize
internal cellular resources, some of which can be provided by the building blocks
of existing proteins. Thus, massive protein degradation is expected to accompany
the plants’ attempts to deal with nutrient stress or their final developmental stage,
senescence. However, only little is known about the involvement of specific pro-
teases in these processes. Downregulation of ClpP1 in Chlamydomonas suggests
involvement of the Clp complex in the degradation of thylakoid membrane pro-
teins upon exposure to nutrient stress (Majeran et al. 2000). Nitrogen starvation
results in degradation of subunits of the cytochrome bs-f complex. However, in
cells containing reduced levels of ClpP1, this degradation process is retarded, sug-
gesting that Clp protease may be involved in the adaptation to nitrogen starvation
via the degradation of existing abundant proteins.

Protein degradation in senescing leaves followed by nitrogen mobilization to
younger ones is a well-documented phenomenon (Hortensteiner and Feller 2002).
To date, one specific protease has been linked to the degradation of the most
abundant protein in chloroplasts, Rubisco. CND41 (peptidase A01.050) is an as-
partic protease of 41 kDa that is associated with chloroplast nucleoids and exhibits
proteolytic activity against denatured Rubisco, among others (Murakami et al.
2000). Moreover, antisense plants demonstrated delayed senescence, along with
stabilization of Rubisco as well as other chloroplast proteins (Kato et al. 2004). In-
terestingly, it was recently found that CND41 itself must undergo a protelytic
processing step for its activation (Kato et al. 2005). The significance of CND41
binding to DNA is not yet known, but it could be a means of sequestering it from
other chloroplast proteins. Degradation of plastid DNA during early stages of se-
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nescence may release CND41 to the stroma, allowing the initiation of massive
protein degradation.

4.2 Thermotolerance

A recent study on a thermosensitive Arabidopsis mutant suggests the involvement
of FtsH11 in thermotolerance (Chen et al. 2006). This mutant was more sensitive
to moderate high temperature than the wild type, whereas the FtsH2 and FtsHS
mutants were not. As a result, the FtsH11 mutant had lower photosynthetic capa-
bility than the wild type after exposure to 30°C. Unlike the FtsH2 and FtsH5 mu-
tants, the sensitivity of the FtsH11 mutant to high light was similar to that ob-
served in wild type plants (Chen et al. 2006). These results suggest that the
physiological functions of the FtsH2-FtsH5-FtsH8-FtsH1 complex and FtsH11
differ. In this context, it should be noted that FtsH11 is found in both chloroplasts
and mitochondria (Urantowka et al. 2005), and it is impossible to conclude at this
stage whether its contribution to thermotolerance is related to its activity in
chloroplasts, mitochondria, or both.

5 Identification of specific substrates

The availability of specific protease mutants lends itself to the identification of
their substrates, when these are unknown. Specific substrates of a protease are ex-
pected to be stabilized in a mutant background, and thus comparative proteomics
has the potential to yield their unbiased identification. One successful utilization
of this approach involved a comparison between stromal proteins in the wild type
and ClpP6 mutant (Sjogren et al. 2006). Potential substrates of Clp protease found
in this work included a nuclear exchange factor for the elongation factor Tu, the
molecular chaperone HSP90, an RNA helicase, the folding catalyst PPlase, and
the UPRT and NDP kinase proteins involved in nucleic acid synthesis. These re-
sults suggest that Clp substrates are more involved in chloroplast homeostasis than
in metabolism (Sjogren et al. 2006). A similar approach should prove useful in the
identification of substrates of other proteases as well.

6 Determinants of protein instability

Although progress has been made in identifying components of the chloroplast
proteolytic machinery, and proteolytic processes have been documented, determi-
nants of instability within the protein substrates themselves are still obscure. The
N-end rule, discovered and characterized in eukaryotic cells, relates the half-life of
a protein to the identity of its N-terminal residue. Proteins carrying a destabilizing
residue at their N terminus are ubiquitinated and degraded by the 26S proteasome
(Varshavsky 1992). The N-end rule was shown to operate in E. coli as well, where
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degradation of substrates is mediated by the CIpAP protease (Tobias et al. 1991).
The E. coli ClpS adaptor protein has been described as a modulator of CIpAP ac-
tivity (Dougan et al. 2002), and more recently, shown to be essential for the opera-
tion of the N-end rule pathway in bacteria (Erbse et al. 2006). As plastids are de-
scendants of a prokaryotic progenitor and many of their characteristics, including
their proteolytic machinery, are prokaryote-like, it is highly likely that an N-end
rule-like mechanism governs protein stability in plastids as well. As described in
section 2.1, the plastid homologue of the bacterial CIpAP is designated ClpC.
Plants also have a homologue of ClpS, known as ClpT (Peltier et al. 2004). How-
ever, ClpT was not identified in proteomic studies of the Clp core complex (Adam
et al. 2006), and thus is not expected to be a component of the Clp protease core.
Nevertheless, the presence of chloroplast homologues to components of the bacte-
rial N-end rule pathway suggests that this pathway governs protein stabil-
ity/instability in this organelle as well, a notion that awaits experimental valida-
tion.

The small stable RNA A (SsrA) system in E. coli tags proteins translated from
incomplete mRNAs for degradation (Karzai et al. 2000). The ssrA RNA is a small
molecule that acts as both tRNA and mRNA. When a ribosome stalls on an in-
complete mRNA, the ssrA molecule binds the ribosome, which then reads through
to add an 11-amino-acid long tag to the protein (a process referred to as ‘trans-
translation’). This tag contains the small nonpolar amino acid sequence Leu-Ala-
Ala at its C terminus, which is recognized in the cytoplasm by the CIpAP, ClpXP
or FtsH proteases, or in the periplasm by the DegP protease. Related sequences
that can also be recognized by proteases are Leu-Val-Ala, Ala-Ser-Val and Ala-
Ala-Val. To date, there is no evidence for the presence of sstA RNA in plastids of
higher plants (Gueneau de Novoa and Williams 2004). However, the presence of
homologues of the bacterial proteases suggests that plastid proteins with C termini
homologous to the SsrA tag would be short-lived. Moreover, even in the absence
of an SsrA trans-translation system, the identity of C-terminal residues may confer
stability or instability on a protein. However, as with the influence of the N termi-
nus, this has not been explored to date.

7 Future prospects

Plant sequence data accumulated over the past 15 years, and completion of the
Arabidopsis and rice genome sequencing projects, suggest that the identity of
most, if not all chloroplast proteases and peptidases is now known. The major
challenge ahead is to assign a function to each of them, and relate the proteases
and peptidases to known proteolytic processes. A striking feature of many of the
chloroplast proteases is the relatively large number of genes encoding them, com-
pared with their prokaryotic progenitors. It is now clear that at least the Clp and
FtsH proteases are heteromeric complexes, with little redundancy between their
components. Assuming that ClpRs are indeed proteolytically inactive, it will be
important to establish whether they have only a structural role, or perhaps other
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functions, such as substrate binding or recognition. The apparent need for more
than just one ClpR is also intriguing. Overexpression of different CIpRs in a spe-
cific ClpR mutant is expected to help resolve the question of their redundancy. A
similar approach will be applicable to the study of the relations between the dif-
ferent ClpPs as well. Some of these questions are partially answered with respect
to the FtsH protease. However, it is still important to understand why the FtsH
complex requires two types of subunits for its accumulation. Relations between
the three luminal Deg proteases also need to be sorted out. Do they form homo- or
hetero-oligomeric complexes? Are they redundant or not?

Major insight into the functions of different chloroplast proteases has been
gained using specific mutants. There are now a number of publicly available mu-
tant collections, particularly T-DNA insertion lines, and well-established proce-
dures, such as antisense and RNA interference, for downregulating the expression
of specific genes or gene families. Thus, these will probably continue to serve as
the main tools in deciphering the physiological functions of specific proteases. In
vitro approaches will probably continue to complement these efforts. However,
special attention should be paid to possible pleiotropic effects. Many mutants
missing different chloroplast proteins demonstrate a similar phenotype: slow
growth, reduced pigmentation, altered chloroplast morphology and reduced levels
of thylakoids. Thus, efforts should be made to distinguish between these general
effects and the specific function of a given protease leading to these effects. This
requires more specific assays for specific proteolytic processes, better linkage to
substrate proteins, and attempts to understand their involvement in a given physio-
logical response.

Identification of specific substrates for each of the proteases will have to be ac-
companied by attempts to reveal recognition determinants. To date, an understand-
ing of recognition mechanisms between chloroplast proteases and their substrates
is almost totally lacking. This applies to both partners—the proteases and their
substrates. Efforts will need to be made to identify subunits within a proteolytic
complex, or domains within a given protease, that are responsible for substrate
recognition and binding, and determinants on the substrates themselves that allow
this recognition. All of these questions will keep the growing community of scien-
tists interested in chloroplast proteases busy for years to come.

Acknowledgement

Work in the author’s lab was supported by grants from The Israel Science Founda-
tion, The U.S.-Israel Binational Science Foundation, The U.S.-Isracl Binational
Agricultural Research and Development Fund, and The Sixth Framework Program
of the E.U.



332 Zach Adam

References

Adam Z, Adamska I, Nakabayashi K, Ostersetzer O, Haussuhl K, Manuell A, Vallon O,
Rodermel SR, Shinozaki K, Clarke AK (2001) Chloroplast and mitochondrial prote-
ases in Arabidopsis. A proposed nomenclature. Plant Physiol 125:1912-1918

Adam Z, Zaltsman A, Sinvany-Villalobo G, Sakamoto W (2005) FtsH proteases in chloro-
plasts and cyanobacteria. Physiol Plant 123:386-390

Adam Z, Rudella A, van Wijk KJ (2006) Recent advances in the study of Clp, FtsH, and
other proteases located in chloroplasts. Curr Opin Plant Biol 9:234-240

Adamska I, Kloppstech K, Ohad I (1993) Early light-inducible protein in pea is stable dur-
ing light stress but is degraded during recovery at low light intensity. J Biol Chem
268:5438-5444

Adamska I, Lindahl M, Roobol-Boza M, Andersson B (1996) Degradation of the light-
stress protein is mediated by an ATP-independent, serine-type protease under low-light
conditions. Eur J Biochem 236:591-599

Andersson B, Aro E-M (2001) Photodamage and D1 protein turnover in photosystem II. In:
Andersson B, Aro E-M (eds) Regulation of photosynthesis. Dordrecht/Boston/London:
Kluwer Academic Publishers, pp 377-393

Bailey S, Thompson E, Nixon PJ, Horton P, Mullineaux CW, Robinson C, Mann NH
(2002) A critical role for the Var2 FtsH homologue of Arabidopsis thaliana in the pho-
tosystem II repair cycle in vivo. J Biol Chem 277:2006-2011

Barakat S, Pearce DA, Sherman F, Rapp WD (1998) Maize contains a Lon protease gene
that can partially complement a yeast piml-deletion mutant. Plant Mol Biol 37:141-
154

Barber J, Andersson B (1992) Too much of a good thing: light can be bad for photosynthe-
sis. Trends Biochem Sci 17:61-66

Barrett AJ, Rawlings ND, Woessner JF (2004) Handbook of proteolytic enzymes, 2nd edn.
Amsterdam: Elsevier Ltd

Baumeister W, Walz J, Zuhl F, Seemuller E (1998) The proteasome: paradigm of a self-
compartmentalizing protease. Cell 92:367-380

Bhushan S, Lefebvre B, Stahl A, Wright SJ, Bruce BD, Boutry M, Glaser E (2003) Dual
targeting and function of a protease in mitochondria and chloroplasts. EMBO Rep
4:1073-1078

Bieniossek C, Schalch T, Bumann M, Meister M, Meier R, Baumann U (2006) The mo-
lecular architecture of the metalloprotease FtsH. Proc Natl Acad Sci USA 103:3066-
3071

Bolter B, Nada A, Fulgosi H, Soll J (2006) A chloroplastic inner envelope membrane pro-
tease is essential for plant development. FEBS Lett 580:789-794

Botos I, Melnikov EE, Cherry S, Khalatova AG, Rasulova FS, Tropea JE, Maurizi MR, Ro-
tanova TV, Gustchina A, Wlodawer A (2004) Crystal structure of the AAA+ alpha
domain of E. coli Lon protease at 1.9A resolution. J Struct Biol 146:113-122

Chaal BK, Mould RM, Barbrook AC, Gray JC, Howe CJ (1998) Characterization of a
cDNA encoding the thylakoidal processing peptidase from Arabidopsis thaliana. Im-
plications for the origin and catalytic mechanism of the enzyme. J Biol Chem 273:689-
692



Protein stability and degradation in plastids 333

Chassin Y, Kapri-Pardes E, Sinvany G, Arad T, Adam Z (2002) Expression and characteri-
zation of the thylakoid lumen protease DegPl from Arabidopsis thaliana. Plant
Physiol 130:857-864

Chen G, Bi YR, Li N (2005) EGY1 encodes a membrane-associated and ATP-independent
metalloprotease that is required for chloroplast development. Plant J 41:364-375

Chen J, Burke JJ, Velten J, Xin Z (2006) FtsH11 protease plays a critical role in Arabidop-
sis thermotolerance. Plant J 48:73-84

Chen M, Choi Y, Voytas DF, Rodermel S (2000) Mutations in the Arabidopsis VAR2 locus
cause leaf variegation due to the loss of a chloroplast FtsH protease. Plant J 22:303-
313

Clarke AK, MacDonald TM, Sjogren LLE (2005) The ATP-dependent Clp protease in
chloroplasts of higher plants. Physiol Plant 123:406-412

Clausen T, Southan C, Ehrmann M (2002) The HtrA family of proteases: implications for
protein composition and cell fate. Mol Cell 10:443-455

Constan D, Froehlich JE, Rangarajan S, Keegstra K (2004) A stromal Hsp100 protein is re-
quired for normal chloroplast development and function in Arabidopsis. Plant Physiol
136:3605-3615

Dougan DA, Reid BG, Horwich AL, Bukau B (2002) ClpS, a substrate modulator of the
CIpAP machine. Mol Cell 9:673-683

Erbse A, Schmidt R, Bornemann T, Schneider-Mergener J, Mogk A, Zahn R, Dougan DA,
Bukau B (2006) ClpS is an essential component of the N-end rule pathway in Es-
cherichia coli. Nature 439:753-756

Friso G, Giacomelli L, Ytterberg AJ, Peltier JB, Rudella A, Sun Q, van Wijk KJ (2004) In-
depth analysis of the thylakoid membrane proteome of Arabidopsis thaliana chloro-
plasts: new proteins, new functions, and a plastid proteome database. Plant Cell
16:478-499

Fukui T, Eguchi T, Atomi H, Imanaka T (2002) A membrane-bound archaeal Lon protease
displays ATP-independent proteolytic activity towards unfolded proteins and ATP-
dependent activity for folded proteins. J Bacteriol 184:3689-3698

Giacomelli L, Rudella A, van Wijk KJ (2006) High light response of the thylakoid pro-
teome in Arabidopsis wild type and the ascorbate-deficient mutant vtc2-2. A compara-
tive proteomics study. Plant Physiol 141:685-701

Giglione C, Meinnel T (2001) Organellar peptide deformylases: universality of the N-
terminal methionine cleavage mechanism. Trends Plant Sci 6:566-572

Giglione C, Vallon O, Meinnel T (2003) Control of protein life-span by N-terminal me-
thionine excision. EMBO J 22:13-23

Glaser E, Nilsson S, Bhushan S (2006) Two novel mitochondrial and chloroplastic target-
ing-peptide-degrading peptidasomes in A. thaliana, AtPreP1 and AtPreP2. Biol Chem
387:1441-1447

Gottesman S (1996) Proteases and their targets in Escherichia coli. Annmu Rev Genet
30:465-506

Gueneau de Novoa P, Williams KP (2004) The tmRNA website: reductive evolution of
tmRNA in plastids and other endosymbionts. Nucl Acids Res 32:D104-108

Halperin T, Adam Z (1996) Degradation of mistargeted OEE33 in the chloroplast stroma.
Plant Mol Biol 30:925-933

Halperin T, Ostersetzer O, Adam Z (2001a) ATP-dependent association between subunits
of Clp protease in pea chloroplasts. Planta 213:614-619



334 Zach Adam

Halperin T, Zheng B, Itzhaki H, Clarke AK, Adam Z (2001b) Plant mitochondria contain
proteolytic and regulatory subunits of the ATP-dependent Clp protease. Plant Mol Biol
45:461-468

Haussuhl K, Andersson B, Adamska I (2001) A chloroplast DegP2 protease performs the
primary cleavage of the photodamaged D1 protein in plant photosystem II. EMBO J
20:713-722

Heazlewood JL, Tonti-Filippini JS, Gout AM, Day DA, Whelan J, Millar AH (2004) Ex-
perimental analysis of the Arabidopsis mitochondrial proteome highlights signaling
and regulatory components, provides assessment of targeting prediction programs, and
indicates plant-specific mitochondrial proteins. Plant Cell 16:241-256

Heazlewood JL, Millar AH (2005) AMPDB: the Arabidopsis mitochondrial protein data-
base. Nuc Acids Res 33:D605-610

Hortensteiner S, Feller U (2002) Nitrogen metabolism and remobilization during senes-
cence. J Exp Bot 53:927-937

Huesgen PH, Schuhmann H, Adamska I (2005) The family of Deg proteases in cyanobacte-
ria and chloroplasts of higher plants. Physiol Plant 123:413-420

Huesgen P, Schumann H, Adamska I (2006) Photodamaged D1 protein is degraded in
Arabidopsis mutants lacking the Deg2 protease. FEBS Lett 580:6929-6932

Inagaki N, Yamamoto Y, Mori H, Satoh K (1996) Carboxyl-terminal processing protease
for the D1 precursor protein: cloning and sequencing of the spinach cDNA. Plant Mol
Biol 30:39-50

Inoue K, Keegstra K (2003) A polyglycine stretch is necessary for proper targeting of the
protein translocation channel precursor to the outer envelope membrane of chloro-
plasts. Plant J 34:661-669

Inoue K, Baldwin AJ, Shipman RL, Matsui K, Theg SM, Ohme-Takagi M (2005) Complete
maturation of the plastid protein translocation channel requires a type I signal pepti-
dase. J Cell Biol 171:425-430

Ito K, Akiyama Y (2005) Cellular functions, mechanism of action, and regulation of FtsH
protease. Annu Rev Microbiol 59:211-231

Itzhaki H, Naveh L, Lindahl M, Cook M, Adam Z (1998) Identification and characteriza-
tion of DegP, a serine protease associated with the luminal side of the thylakoid mem-
brane. J] Biol Chem 273:7094-7098

Johnson KA, Bhushan S, Stahl A, Hallberg BM, Frohn A, Glaser E, Eneqvist T (2006) The
closed structure of presequence protease PreP forms a unique 10,000 Angstroms3
chamber for proteolysis. EMBO J 25:1977-1986

Kapri-Pardes E, Naveh L, Adam Z (2007) The thylakoid lumen protease Degl is involved
in the repair of photosystem II from photoinhibition in Arabidospsis. Plant Cell
19:1039-1047

Karzai AW, Roche ED, Sauer RT (2000) The SsrA-SmpB system for protein tagging, di-
rected degradation and ribosome rescue. Nat Struct Biol 7:449-455

Kato Y, Murakami S, Yamamoto Y, Chatani H, Kondo Y, Nakano T, Yokota A, Sato F
(2004) The DNA-binding protease, CND41, and the degradation of ribulose-1,5-
bisphosphate carboxylase/oxygenase in senescent leaves of tobacco. Planta 220:97-104

Kato Y, Yamamoto Y, Murakami S, Sato F (2005) Post-translational regulation of CND41
protease activity in senescent tobacco leaves. Planta 222:643-651

Kim J, Klein PG, Mullet JE (1994) Vir-115 gene product is required to stabilize D1 transla-
tion intermediates in chloroplasts. Plant Mol Biol 25:459-467



Protein stability and degradation in plastids 335

Koussevitzky S, Stanne TM, Peto CA, Giap T, Sjogren LL, Zhao Y, Clarke AK, Chory J
(2007) An Arabidopsis thaliana virescent mutant reveals a role for ClpR1 in plastid
development. Plant Mol Biol 63:85-96

Kovacheva S, Bedard J, Patel R, Dudley P, Twell D, Rios G, Koncz C, Jarvis P (2005) In
vivo studies on the roles of Tic110, Tic40 and Hsp93 during chloroplast protein import.
Plant J 41:412-428

Krojer T, Garrido-Franco M, Huber R, Ehrmann M, Clausen T (2002) Crystal structure of
DegP (HtrA) reveals a new protease-chaperone machine. Nature 416:455-459

Kuras R, Wollman FA (1994) The assembly of cytochrome b6/f complexes: an approach
using genetic transformation of the green alga Chlamydomonas reinhardtii. EMBO J
13:1019-1027

Kuroda H, Maliga P (2003) The plastid clpP1 protease gene is essential for plant develop-
ment. Nature 425:86-89

Lensch M, Herrmann RG, Sokolenko A (2001) Identification and characterization of SppA,
a novel light-inducible chloroplast protease complex associated with thylakoid mem-
branes. J Biol Chem 276:33645-33651

Li HH, Merchant S (1995) Degradation of plastocyanin in copper-deficient C. reinhardtii—
evidence for a protease-susceptible conformation of the apoprotein and regulated pro-
teolysis. J Biol Chem 270:23504-23510

Lindahl M, Yang DH, Andersson B (1995) Regulatory proteolysis of the major light-
harvesting chlorophyll a/b protein of photosystem II by a light-induced membrane-
associated enzymic system. Eur J Biochem 231:503-509

Lindahl M, Tabak S, Cseke L, Pichersky E, Andersson B, Adam Z (1996) Identification,
characterization, and molecular cloning of a homologue of the bacterial FtsH protease
in chloroplasts of higher plants. J Biol Chem 271:29329-29334

Lindahl M, Spetea C, Hundal T, Oppenheim AB, Adam Z, Andersson B (2000) The thyla-
koid FtsH protease plays a role in the light-induced turnover of the photosystem II D1
protein. Plant Cell 12:419-431

Majeran W, Wollman F-A, Vallon O (2000) Evidence for a role of ClpP in the degradation
of the chloroplast cytochrome b6f complex. Plant Cell 12:137-149

Majeran W, Olive J, Drapier D, Vallon O, Wollman FA (2001) The light sensitivity of ATP
synthase mutants of Chlamydomonas reinhardtii. Plant Physiol 126:421-433

Minai L, Wostrikoff K, Wollman FA, Choquet Y (2006) Chloroplast biogenesis of photo-
system II cores involves a series of assembly-controlled steps that regulate translation.
Plant Cell 18:159-175

Murakami S, Kondo Y, Nakano T, Sato F (2000) Protease activity of CND41, a chloroplast
nucleoid DNA-binding protein, isolated from cultured tobacco cells. FEBS Lett
468:15-18

Neuwald AF, Aravind L, Spouge JL, Koonin EV (1999) AAA+: a class of chaperone-like
ATPases associated with the assembly, operation, and disassembly of protein com-
plexes. Genome Res 9:27-43

Ostersetzer O, Adam Z (1997) Light-stimulated degradation of an unassembled Rieske FeS
protein by a thylakoid-bound protease: the possible role of the FtsH protease. Plant
Cell 9:957-965

Ostersetzer O, Kato Y, Adam Z, Sakamoto W (2007) Multiple intracellular locations of
Lon protease in Arabidopsis: Evidence for the localization of AtLon4 to chloroplasts.
Plant Cell Physiol (in press)



336 Zach Adam

Paetzel M, Karla A, Strynadka NC, Dalbey RE (2002) Signal peptidases. Chem Rev
102:4549-4580

Park S, Rodermel SR (2004) Mutations in ClpC2/Hsp100 suppress the requirement for
FtsH in thylakoid membrane biogenesis. Proc Natl Acad Sci USA 101:12765-12770

Peltier J-B, Ytterberg J, Liberles DA, Roepstorft P, van Wijk KJ (2001) Identification of a
350 kDa ClpP protease complex with 10 different Clp isoforms in chloroplasts of
Arabidopsis thaliana. J Biol Chem 276:16318-16327

Peltier J-B, Emanuelsson O, Kalume DE, Ytterberg J, Friso G, Rudella A, Liberles DA,
Soderberg L, Roepstorft P, von Heijne G, van Wijk KJ (2002) Central functions of the
lumenal and peripheral thylakoid proteome of Arabidopsis determined by experimenta-
tion and genome-wide prediction. Plant Cell 14:211-236

Peltier JB, Ripoll DR, Friso G, Rudella A, Cai Y, Ytterberg J, Giacomelli L, Pillardy J, van
Wijk KJ (2004) Clp protease complexes from photosynthetic and non-photosynthetic
plastids and mitochondria of plants, their predicted 3-D structures and functional im-
plications. J Biol Chem 279:4768-4781

Rawlings ND, Morton FR, Barrett AJ (2006) MEROPS: the peptidase database. Nucl Acids
Res 34:D270-D272

Richter S, Lamppa GK (1998) A chloroplast processing enzyme functions as the general
stromal processing peptidase. Proc Natl Acad Sci USA 95:7463-7468

Richter S, Lamppa GK (1999) Stromal processing peptidase binds transit peptides and initi-
ates their ATP-dependent turnover in chloroplasts. J Cell Biol 147:33-43

Richter S, Lamppa GK (2005) Function of the stromal processing peptidase in the chloro-
plast import pathway. Physiol Plant 123:362-368

Rudella A, Friso G, Alonso JM, Ecker JR, van Wijk KJ (2006) Downregulation of ClpR2
leads to reduced accumulation of the CIpPRS protease complex and defects in chloro-
plast biogenesis in Arabidopsis. Plant Cell 18:1704-1721

Sakamoto W (2006) Protein degradation machineries in plastids. Annu Rev Plant Biol
57:599-621

Sakamoto W, Tamura T, Hanba-Tomita Y, Sodmergen, Murata M (2002) The VAR1 locus
of Arabidopsis encodes a chloroplastic FtsH and is responsible for leaf variegation in
the mutant alleles. Genes Cells 7:769-780

Sakamoto W, Zaltsman A, Adam Z, Takahashi Y (2003) Coordinated regulation and com-
plex formation of YELLOW VARIEGATED! and YELLOW VARIEGATED?2,
chloroplastic FtsH metalloproteases involved in the repair cycle of photosystem II in
Arabidopsis thylakoid membranes. Plant Cell 15:2843-2855

Sarria R, Lyznik A, Vallejos CE, Mackenzie SA (1998) A cytoplasmic male sterility-
associated mitochondrial peptide in common bean is post-translationally regulated.
Plant Cell 10:1217-1228

Sauer RT, Bolon DN, Burton BM, Burton RE, Flynn JM, Grant RA, Hersch GL, Joshi SA,
Kenniston JA, Levchenko I, Neher SB, Oakes ES, Siddiqui SM, Wah DA, Baker TA
(2004) Sculpting the proteome with AAA(+) proteases and disassembly machines. Cell
119:9-18

Schmidt GW, Mishkind ML (1983) Rapid degradation of unassembled ribulose 1,5-
biphosphate carboxylase small subunit in chloroplasts. Proc Natl Acad Sci USA
80:2632-2636

Schubert M, Petersson UA, Haas BJ, Funk C, Schroder WP, Kieselbach T (2002) Proteome
map of the chloroplast lumen of Arabidopsis thaliana. J Biol Chem 277:8354-8365



Protein stability and degradation in plastids 337

Shikanai T, Shimizu K, Ueda K, Nishimura Y, Kuroiwa T, Hashimoto T (2001) The
chloroplast clpP gene, encoding a proteolytic subunit of ATP-dependent protease, is
indispensable for chloroplast development in tobacco. Plant Cell Physiol 42:264-273

Sinvany-Villalobo G, Davydov O, Ben-Ari G, Zaltsman A, Raskind A, Adam Z (2004) Ex-
pression in multigene families. Analysis of chloroplast and mitochondrial proteases.
Plant Physiol 135:1336-1345

Sjogren LL, MacDonald TM, Sutinen S, Clarke AK (2004) Inactivation of the clpC1 gene
encoding a chloroplast Hsp100 molecular chaperone causes growth retardation, leaf
chlorosis, lower photosynthetic activity, and a specific reduction in photosystem con-
tent. Plant Physiol 136:4114-4126

Sjogren LL, Stanne TM, Zheng B, Sutinen S, Clarke AK (2006) Structural and functional
insights into the chloroplast ATP-dependent Clp protease in Arabidopsis. Plant Cell
18:2635-2649

Sokolenko A, Pojidaeva E, Zinchenko V, Panichkin V, Glaser VM, Herrmann RG, Shesta-
kov SV (2002) The gene complement for proteolysis in the cyanobacterium Synecho-
cystis sp. PCC 6803 and Arabidopsis thaliana chloroplasts. Curr Genet 41:291-310

Spiess C, Beil A, Ehrmann M (1999) A temperature-dependent switch from chaperone to
protease in a widely conserved heat shock protein. Cell 97:339-347

Stahl A, Moberg P, Ytterberg J, Panfilov O, Brockenhuus Von Lowenhielm H, Nilsson F,
Glaser E (2002) Isolation and identification of a novel mitochondrial metalloprotease
(PreP) that degrades targeting presequences in plants. J Biol Chem 277:41931-41939

Stahl A, Nilsson S, Lundberg P, Bhushan S, Biverstahl H, Moberg P, Morisset M, Vener A,
Maler L, Langel U, Glaser E (2005) Two novel targeting peptide degrading proteases,
PrePs, in mitochondria and chloroplasts, so similar and still different. J Mol Biol
349:847-860

Suno R, Niwa H, Tsuchiya D, Zhang X, Yoshida M, Morikawa K (2006) Structure of the
whole cytosolic region of ATP-dependent protease FtsH. Mol Cell 22:575-585

Taguchi F, Yamamoto Y, Satoh K (1995) Recognition of the structure around the site of
cleavage by the carboxyl-terminal processing protease for D1 precursor protein of the
photosystem II reaction center. J Biol Chem 270:10711-10716

Takechi K, Sodmergen, Murata M, Motoyoshi F, Sakamoto W (2000) The YELLOW
VARIEGATED (VAR?2) locus encodes a homologue of FtsH, an ATP- dependent pro-
tease in Arabidopsis. Plant Cell Physiol 41:1334-1346

Tobias JW, Shrader TE, Rocap G, Varshavsky A (1991) The N-end rule in bacteria. Sci-
ence 254:1374-1377

Tranel PJ, Keegstra K (1996) A novel, bipartite transit peptide targets OEP75 to the outer
membrane of the chloroplastic envelope. Plant Cell 8:2093-2104

Tsugane K, Maekawa M, Takagi K, Takahara H, Qian Q, Eun CH, lida S (2006) An active
DNA transposon nDart causing leaf variegation and mutable dwarfism and its related
elements in rice. Plant J 45:46-57

Urantowka A, Knorpp C, Olczak T, Kolodziejczak M, Janska H (2005) Plant mitochondria
contain at least two i-AAA-like complexes. Plant Mol Biol 59:239-252

Varshavsky A (1992) The N-end rule. Cell 69:725-735

Weihofen A, Martoglio B (2003) Intramembrane-cleaving proteases: controlled liberation
of proteins and bioactive peptides. Trends Cell Biol 13:71-78

Wolfe MS, Kopan R (2004) Intramembrane proteolysis: theme and variations. Science
305:1119-1123

Yamamoto Y (2001) Quality control of photosystem II. Plant Cell Physiol 42:121-128



338 Zach Adam

Yamamoto Y, Inagaki N, Satoh K (2001) Overexpression and characterization of carboxyl-
terminal processing protease for precursor D1 protein: regulation of enzyme-substrate
interaction by molecular environments. J Biol Chem 276:7518-7525

Yang DH, Webster J, Adam Z, Lindahl M, Andersson B (1998) Induction of acclimative
proteolysis of the light-harvesting chlorophyll a/b protein of photosystem II in re-
sponse to elevated light intensities. Plant Physiol 118:827-834

Yu F, Park S, Rodermel SR (2004) The Arabidopsis FtsH metalloprotease gene family: in-
terchangeability of subunits in chloroplast oligomeric complexes. Plant J 37:864-876

Yu F, Park S, Rodermel SR (2005) Functional redundancy of AtFtsH metalloproteases in
thylakoid membrane complexes. Plant Physiol 138:1957-1966

Zaltsman A, Feder A, Adam Z (2005a) Developmental and light effects on the accumula-
tion of FtsH protease in Arabidopsis chloroplasts—implications for thylakoid forma-
tion and photosystem II maintenance. Plant J 42:609-617

Zaltsman A, Ori N, Adam Z (2005b) Two types of FtsH protease subunits are required for
chloroplast biogenesis and Photosystem II repair in Arabidopsis. Plant Cell 17:2782-
2790

Zelisko A, Garcia-Lorenzo M, Jackowski G, Jansson S, Funk C (2005) AtFtsH6 is involved
in the degradation of the light-harvesting complex II during high-light acclimation and
senescence. Proc Natl Acad Sci USA 102:13699-13704

Zheng B, Halperin T, Hruskova-Heidingsfeldova O, Adam Z, Clarke AK (2002) Charac-
terization of chloroplast Clp proteins in Arabidopsis: localization, tissue specificity and
stress responses. Physiol Plant 114:92-101

Zheng B, Macdonald TM, Sutinen S, Hurry V, Clarke AK (2006) A nuclear-encoded ClpP
subunit of the chloroplast ATP-dependent Clp protease is essential for early develop-
ment in Arabidopsis thaliana. Planta 224:1103-1115

Zhong R, Wan J, Jin R, Lamppa G (2003) A pea antisense gene for the chloroplast stromal
processing peptidase yields seedling lethals in Arabidopsis: survivors show defective
GFP import in vivo. Plant J 34:802-812

Adam, Zach
The Robert H. Smith Institute of Plant Sciences and Genetics in Agriculture,
The Hebrew University, Rehovot 76100, Israel.
zach@agri.huji.ac.il





