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Plastoglobuli (PG) are thylakoid-associated monolayer lipid particles with a specific proteome of ;30 PG core proteins and
isoprenoid and neutral lipids. During senescence, PGs increase in size, reflecting their role in dismantling thylakoid membranes.
Here, we show that the only PG-localized peptidase PGM48 positively regulates leaf senescence. We discovered that PGM48 is
a member of the M48 peptidase family with PGM48 homologs, forming a clade (M48D) only found in photosynthetic organisms.
Unlike the M48A, B, and C clades, members of M48D have no transmembrane domains, consistent with their unique subcellular
location in the PG. In vitro assays showed Zn-dependent proteolytic activity and substrate cleavage upstream of hydrophobic
residues. Overexpression of PGM48 accelerated natural leaf senescence, whereas suppression delayed senescence. Quantitative
proteomics of PG from senescing rosettes of PGM48 overexpression lines showed a dramatically reduced level of CAROTENOID
CLEAVAGE ENZYME4 (CCD4) and significantly increased levels of the senescence-induced ABC1 KINASE7 (ABC1K7) and
PHYTYL ESTER SYNTHASE1 (PES1). Yeast two-hybrid experiments identified PG core proteins ABC1K3, PES1, and CCD4
as PGM48 interactors, whereas several other PG-localized proteins and chlorophyll degradation enzymes did not interact.
We discuss mechanisms through which PGM48 could possibly accelerate the senescence process.

INTRODUCTION

Plastoglobuli (PG) are lipoprotein particles found in the plastids of
most plant tissues. In chloroplasts, PGs are contiguous with the
outer lipid leaflet of the thylakoid membrane, which is compatible
with channeling of hydrophobic metabolites between the thyla-
koid membrane and the PG (Austin et al., 2006). Chloroplast-
localizedPGs typically range from45 to60nm insizebut increase
dramatically in size in senescing or stressed chloroplasts (e.g.,
light stress and nitrogen deprivation) of wild-type plants and in
various chloroplast mutants (Austin et al., 2006; Lundquist et al.,
2013). The dynamic response of PG suggests that they play
a functional role in chloroplast biogenesis, senescence, and
stress response (Rottet et al., 2015).

PGs contain various prenyl-lipids, in particular tocopherol,
various quinones (plastochromonal 8, phylloquinone, and plas-
toquinone), carotenoids, and fatty acid phytylesters, as well as
triacylglycerols (Gaude et al., 2007; Zbierzak et al., 2009; Eugeni
Piller et al., 2011; Lippoldet al., 2012).Massspectrometry analysis
of isolated PG proteins and quantitative comparison to the thy-
lakoid, stromal, and total leaf proteomes showed that PGscontain
a small but specificproteomeof;30proteins, termed thePGcore
proteome (Vidi et al., 2006; Ytterberg et al., 2006; Lundquist et al.,
2012a) and several additional proteins that are recruited to PG
under stress conditions and in mutant backgrounds (Lundquist

et al., 2013). Themost abundant PGproteins are severalmembers
of theplastid-specificFIBRILLIN family (FBN) (SinghandMcNellis,
2011) and members of the ACTIVITY OF BC1 COMPLEX KINASE
(ABC1K) family (Lundquist et al., 2012b). Other PG core proteins
includeawell-studiedtocopherol (vitaminE)cyclase(VTE1) (Porfirova
et al., 2002), a key enzyme in tocopherol and plastochromanol
biosynthesis, and PHYTYL ESTER SYNTHASE1 (PES1) and
PES2 involved in the formation of phytylesters following cleav-
age of chlorophyll and thylakoid lipids (Lippold et al., 2012).
PG-localized NADP(H) dehydrogenase C1 is involved in vitamin K
biosynthesis (phyllo-quinone) (Fatihi et al., 2015) and in reduction
of oxidized plastochromanols within PG (Eugeni Piller et al.,
2011). PG core protein CCD4 and its homologs in various plant
species (Martínez et al., 2008) are involved in carotenoid
cleavage, in particular 9,10 and99,109positions, resulting in oneor
more apocarotenoids, especially b-ionone (Rubio et al., 2008;
Huang et al., 2009). An Arabidopsis thaliana genome-wide as-
sociation study identified CCD4 as a major negative regulator of
seed carotenoid content (Gonzalez-Jorge et al., 2013); ccd4 loss-
of-functionmutants exhibited increasedb-carotene content upon
seed desiccation andmuch higher carotenoid levels than the wild
type after dark-induced leaf senescence. Arabidopsis CCD4 is
also implicated in an apocarotenoid signaling cascade leading
to inhibition of chloroplast and leaf development (Avendaño-
Vázquez et al., 2014; Hou et al., 2016). White petals of chry-
santhemum (Chrysanthemum indicum) were converted into
yellow-colored petals by RNAi-mediated suppression of the
CCD4 homolog CCD4a, indicating its cleavage of carotenoids
into colorless compounds (Zhu et al., 2010). In mandarin fruit
(Citrus reticulata), a CCD4 homolog was reported to be involved
in cleavage of b-cryptoxanthin and zeaxanthin to yield a red
pigment, b-citraurin (Rubio et al., 2008). Collectively, this shows
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that the CCD4 clade cleaves a variety of carotenoids into various
apocarotenoids and that CCD4 in leaves plays a role in leaf
development and retrograde signaling; however, the signaling
molecules and pathway are not known (Hou et al., 2016). Other
PG core proteins have various predicted functional domains,
such as two UBI-E methyl-transferases (UBIE-MT1,2; related to
Escherichia coliUbiE involved inmethylation of reactions in both
ubiquinoneandmenaquinonebiosynthesis [Leeet al., 1997]), but
their functionshavenot yet been studied.Wealso identified a low
abundant putative peptidase of the M48 family, here termed
PGM48. The functions and targets of PGM48 are unknown, and
PGM48 is the focus of this article.

Based on publicly available Arabidopsis genome-wide mRNA
data,wepreviouslygeneratedacoexpressionnetworkusing thePG
coreproteinsasnodes (Lundquist etal., 2012a).Thissuggested four
major coexpressionmodules, each showing functional enrichment,
including senescence, chloroplast proteolysis, carotenoid metab-
olism,chloroplast redoxregulation, theCalvincycle,andchloroplast
biogenesis. The senescence module was formed around genes en-
codingPG-localizedABC1K7,PES1,PGM48,andPG-ASSOCIATED
SENESCENCE GENE (PGSAG; AT1G73750) and included
the coexpressors encoding PHEOPHYTENASE (PPH) and
PHEOPHORBIDE AOXYGENASE both involved in chlorophyll
degradation. Leaf senescence is a highly regulated process,
involving expression of thousands of genes and resulting in chlo-
rophyll degradation, loss of photosynthetic activity, and remobili-
zationof thechloroplastconstituents forseeddevelopmentorother
tissues (Breeze et al., 2011; Schippers, 2015; Schippers et al.,
2015). During senescence, internal structures within chloroplasts
are dismantled and the PG increase in size, suggesting their direct
involvement in senescence. Comparative, quantitative metabolite
analysis of leaf PG isolated from four stages of natural senescence
in beech leaves (Fagus sylvatica) showed that in particular, pre-
nylquinones and free fatty acids, but not glycolipids or proteins,
accumulated in PG during the senescence process (Tevini and
Steinmüller, 1985).Whereas only very small amounts of chlorophylls
and carotenoids or lipids were observed in PG prior to senescence,
during natural senescence, the triacylglycerol content dramatically
declined in PG, whereas carotenoids (mostly in esterified form) and
freefattyacid levelsstrongly increased(TeviniandSteinmüller,1985).
However, theremovalofproteincomplexesmustalso involveprotein
degradation, but despite major efforts by labs around the world, no
intraplastid peptidase has been shown to be involved in leaf se-
nescence (Martínez et al., 2008; van Wijk, 2015).

Here, we studied the function of PGM48 both in vitro and in vivo
in Arabidopsis. This shows that PGM48 is a M48-type metal-
lopeptidase with a conserved HExxHmetal binding site. Phylogeny
indicates that PGM48 forms a specific clade of peptidases only
found inphotosyntheticorganisms;wenamedthissubfamilyM48D.
We discuss the likely evolutionary origin of this subfamily and
compare it to theM48A,M48C, andM48B subfamilies. Importantly,
we discovered that overexpression of PGM48 accelerated natu-
ral leaf senescence, whereas suppression of PGM48 by RNA in-
terferencedelayedsenescence.QuantitativeproteomicsofPGfrom
senescing rosettes of overexpression lines showed a dramatically
reduced level of CAROTENOID CLEAVAGE ENZYME4 (CCD4) and
significantly increased levels of ABC1K7 and PHYTYL ESTER
SYNTHASE1 (PES1). Furthermore,we show that PGM48physically

interacts with PES1, CCD4, and ABC1K3 but not with chlorophyll
catabolic enzymes. We discuss how PG-localized PG48 can pos-
sibly contribute to leaf senescence. Our research thus directly links
this intraplastid protease to the process of leaf senescence.

RESULTS

PGM48 Is a Low-Abundance PG-Localized Protein
in Arabidopsis

PGM48was identifiedby tandemmass spectrometry (MS/MS) in
purifiedPG from leavesusingaLTQ-Orbitrapmassspectrometer
in Arabidopsis (Lundquist et al., 2012a, 2013), as well as maize
(Zea mays; Huang et al., 2013). PGM48 was never observed in
any samples other than purified PG, despite hundreds ofMS/MS
analyses of Arabidopsis or maize leaf, chloroplast, or thylakoid
fractions performed in our lab over the last decade (see PPDB)
or by others for isolated chloroplast envelope membranes of
Arabidopsis (Ferro et al., 2010) or other plant species suchaspea
(Pisum sativum), alfalfa (Medicago sativa), or maize (Manandhar-
Shrestha et al., 2013; Simm et al., 2013; Gutierrez-Carbonell
et al., 2014). Furthermore, MS/MS analysis of many PG prepa-
rations (Lundquist et al., 2012a, 2013; this article) resulted in high
sequencecoverageof thematureportionofPGM48.Nopeptides
were detectedmatching the predicted chloroplast transit peptide
(cTP) (Supplemental Figure 1), which is consistent with a plastid
location of PGM48; the most N-terminal residue was Arg-61,
immediately downstreamof a cysteine, as frequently observed for
chloroplast proteins (Rowland et al., 2015). To verify localization
across chloroplast compartments, we purified thylakoid, stroma,
and PG proteomes from isolated chloroplasts and probed dis-
tribution with specific antisera for stroma (CPN60), thylakoids
(LHCB1), andPGcoreproteinsABC1K1andABC1K3.Consistent
with our proteomics data, PGM48 signal was highly enriched in
PG similar as ABC1K1, ABC1K3, and VTE1 and unlike CPN60 or
LHCB1 (Figure 1A).We conclude that PGM48 is highly enriched in
PG and likely carries out its peptidase function in this specialized
compartment.

PGM48 Is a Functional Metallo Zn-Endopeptidase

To test if PGM48 is a functional peptidase, we expressed mature
(i.e., starting fromArg-61; excluding the cTP) Arabidopsis PGM48
with a histidine tag in E. coli and affinity purified the recombinant
protein. PGM48 was incubated with b-casein as substrate and
degradation was visualized by Coomassie staining after sepa-
ration by SDS-PAGE (Figure 1B). b-Casein was degraded by
PGM48, and this activity was completely inhibited by addition of
the metal chelator EDTA (Figure 1B). Other peptidase inhibitors
including the cysteine peptidase inhibitor E64 and metallo-
aminopeptidase inhibitor bestatin partially inhibited degradation,
whereas chymostatin (an inhibitor of various types of peptidases)
did not inhibit PGM48 activity. Through site-directed mutagenesis
of the conservedmetal bindingHEXXH inPGM48 (Figure 1C, lower
panel with the sequence logo based on angiosperm PGM48 ho-
mologs), we replaced His-191 or Glu-192 into Ala-191 or Asp-192,
respectively. Recombinant mutated PGM48 (PGM48-H191A and
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PGM48-E192D) completely lacked peptidase activity (Figure
1C, upper panel), clearly showing that PGM48 is a functional
metallo-endopeptidase.

To determine cleavage site specificity, recombinant active
PGM48 and inactive PGM48-H191A were each incubated with
b-casein, and following desalting, peptide products were ana-
lyzed by high-resolution MS through direct infusion. Figure 1D
shows an MS spectrum from extracts of the active PGM48. The

dominant peaksmatched to eight peptides, asdeterminedbyMS/
MS ranging from 1.7 to 5.0 kD (Figure 1D); these peptides were
absent inPGM48-H191A (SupplementalFigure2). Themethionine-
containing peptideswere also observedwith oxidizedmethionine
residues and/or in different charge states (due to the ionization
process in the MS source), allowing us to account for almost
all ions in the mass spectrum (Supplemental Table 1). The de-
tected fragments correspond to cleavage sites depicted in the

Figure 1. PG-M48 Is Localized in PGs and Has Zn-Metallo-Dependent Endopeptidase Activity Cleaving Upstream of Hydrophobic Residues.

(A) Proteomes from isolated chloroplasts, thylakoid membranes, stroma, and PGs were separated by SDS-PAGE, transferred to membranes, and blotted
with specific antisera against PG core proteins PGM48, ABC1K1, ABC1K3, and VTE1, as well as LHCB1 (marker for thylakoid membrane) and CPN60
(marker for stroma). Protein (15 mg) was loaded for chloroplast, stroma, and thylakoid fractions and;5 mg protein was loaded for PGs; due to the extremely
high lipid/protein content, protein concentrations are difficult to measure accurately. The Ponceau-stained membrane (lower panel) serves as loaded
control. RBCL, Rubisco large subunit (also marker for stromal proteome); LHCII, family of major LHCII proteins.
(B)Recombinant PGM48 (1 mg) was incubated for 3 h at 37°C with b-casein (4 mg) to determine the peptidase activity and the effects of peptidase
inhibitors E64 (1 mM), bestatin (1 mM), chymostatin (1 mM), and the metal chelator EDTA (5 mM). EDTA inhibited PGM48 peptidase activity
completely.
(C)Metal dependency of PGM48. Upper panel shows in vitro proteolytic activity of recombinant PGM48, PGM48-H191A, and PGM48-E192D mutated in
their predicted metal binding site (HExxH). PGM48, but not mutated PGM48, shows peptidase activity. The lower panel shows a sequence logo for the
conservedmetal bindingmotif of 11PGM48homologs inangiosperms (for acomplete list of homologs, seeSupplemental Table1).Color coding:green:Thr,
Gly, Ser, Tyr, and Cys, uncharged, polar; pink: Asn and Gln, uncharged polar amine; red: Asp and Glu, acidic; blue: Lys, Arg, and His, basic; black: Ala, Val,
Leu, Ile, Pro, Phe, Trp, and Met, apolar.
(D) PGM48 cleavage sites of b-casein as determined by mass spectrometry. The lower panel shows a high-resolution MS spectrum (from the
Orbitrap portion of the LTQ-Orbitrap) of a casein digest by PGM48. Positively charged peptidesmatching to casein peptide fragments aremarked;
m/z values and charge states are indicated. The upper portion shows the C-terminal portion of b-casein and the identified peptides as indicated by
horizontal lines with the respective m/z value and associated charge states. The inset shows the inferred cleavage sites with the b-casein
sequence. Collectively, this shows that PGM48 prefers cleavage upstreamof hydrophobic residues: methionine (M), phenylalanine (F), leucine (L),
isoleucine (I) (in black), or tyrosine (Y) (in gray). Other colors: green: Q,S – uncharged, polar; D,E – acidic in red; K,R,H – basic in blue; remaining
residues in black.

3022 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.16.00745/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00745/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00745/DC1


sequence of PGM48, and displayed in the Figure 1D inset, with
a clear preference for cleavage immediately upstream of hy-
drophobic residues (Leu, Ile,Met, Phe, or Tyr) anddownstreamof
hydrophobic (Leu, Trp, or Pro) or polar residues (Ala or Ser).

PGM48 Homologs Form a Clade in the M48 Family

PGM48 belongs to the M48 family of ATP-independent metallo
(Zn)-endopeptidases as defined in the MEROPS peptidase da-
tabase (Rawlings et al., 2016). According to MEROPS, the M48
family has three clades, M48A, M48B, and M48C, each repre-
sented by a prototypic enzyme named STE24 or CAAX peptidase
(Bracha-Drori et al., 2008; Pryor et al., 2013; Quigley et al., 2013;
Ast et al., 2016), bacterial HTPX (McBride and Soubannier, 2010;
Quiros et al., 2015), and mitochondrial OMA1 (Sakoh et al., 2005;
Akiyama, 2009), respectively.However, sequenceanalysisofM48
proteins in42 speciesacross the treeof life suggests that there are
four clades (Figure 2; Supplemental Table 2; Supplemental File 1
for alignments), with PGM48 and its homologs forming a separate
clade that we namedM48D. We briefly discuss the distribution of
these M48 clades across phylogenetic groups and comment on
known functions, followedbyahypothesis for theorigin ofPGM48
proteins in plants.

Clade M48A consists of well-studied peptidases localized to
the endoplasmic reticulum (ER) or inner nuclear membrane in
photosynthetic and nonphotosynthetic eukaryotes, and STE24
homologs in nonphotosynthetic bacteria, but absent in Archaea
and photosynthetic bacteria. Eukaryotic STE24 are membrane
proteins (multiple transmembrane domains) with a large hollow
barrel-shaped chamber enclosing the catalytic site. They function
to cleave C termini of proteins with a CAAX motif carrying a cys-
teine linkedprenylgroup.Recently, STE24hasalsobeenshown to
clear cloggedSECprotein translocons, in addition to its function in
CAAX processing (Ast et al., 2016). Angiosperms, gymnosperms,
lycopodia, mosses, and most red/green algae each have a single
STE24 homolog (Figure 2; Supplemental Table 2). Arabidopsis
STE24 is ER-localized and cleaves prenylated CAAX proteins
(Bracha et al., 2002; Bracha-Drori et al., 2008).
Clade M48B is represented by bacterial HTPX Zn-endopeptidase.

Members of this clade are present in Archaea and in non-
photosynthetic and photosynthetic bacteria, but not in eukaryotes
(Figure2).MostprokaryoteshaveoneHTPXhomolog (Supplemental
Table 2). HTPX homologs have been studied in, e.g., Bacillus
subtilis and E. coli, and have shown to be integral plasma
membrane metallopeptidases with their active side facing the
cytosol. HTPX in E. coli complements the ATP-dependent FTSH

Figure 2. M48 Proteins Are Conserved in Nonphotosynthetic and Photosynthetic Organisms.

Phylogenetic tree of theM48 family based on alignment of amino acid sequences of 92M48 homologs fromdiverse archaea, prokaryotes, and eukaryotes.
Four clades are assigned:M48A,M48B,M48C, and thenewcladeM48D.Bootstrap values are indicated at the nodesof the tree. The sequence alignment is
shown in Supplemental File 1, and Supplemental Table 1 provides a complete listing of species and number of M48 members. Vitis vinifera (Vvi ); Populus
trichocarpa (Ptr);Medicago truncatula (Mtr);Brassica rapa (Bra); Arabidopsis thaliana (Ath);Glycinemax (Gma); Zeamays (Zma);Brachypodium distachyon
(Bdi );Hordeumvulgare (Hvu);Oryza sativa (Osa);Sorghumbicolor (Sbi );Picea sitchensis (Psi );Selaginellamoellendorffii (Smo);Physcomitrella patens (Ppa);
Cyanidioschyzon merolae (Cme); Chondrus crispus (Ccr); Volvox carteri (Vca); Chlamydomonas reinhardtii (Cre); Chlorella variabilis (Cva); Micromonas
pusilla (Mpu);Synechocystis spPCC6803 (Syne);Anabaena cylindrica (Acy);Nostoc spPCC7120 (Nos);Synechococcus spPCC7942 (Syn);Homosapiens
(Hsa);Penicilliummarneffei (Pma);Saccharomycescerevisiae (Sce);Agrobacterium tumefaciens (Atu);Nitrosomonaseuropaea (Neu);Escherichia coli (Eco);
Sulfuricurvum kujiens (Sku); Streptomyces griseus (Sgr); Bacillus subtilis (Bsu); Leptospira interrogans (Lin); Leptospira biflexa (Lbi ); Sulfolobus islandicus
(Sis); Metallosphaera sedula (Mse); Haladaptatus paucihalophilus (Hpa); Natrinema pellirubrum (Npe).
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peptidase in quality control of the plasma membrane proteome
(Akiyama, 2009).

Clade M48C is represented by inner membrane mitochondrial
OMA1. This clade is found in both photosynthetic and non-
photosynthetic eukaryotes and nonphotosynthetic prokaryotes,
but not in photosynthetic bacteria (Figure 2). OMA1 homologs in
eukaryotes are (most likely) localized in mitochondria; they have
been studied in mammals, zebra fish, and yeast, in particular in
proteolysisofOPTICATROPHY1 (OPA1/MGM1), akeyconserved
inner membrane dynamin-like GTPase involved on mitochondrial
fusion (Bohovychetal., 2015;Korwitz et al., 2016).OMA1 ispresent
in angiosperms, most green and red algae, lycopods, moss, and
angiosperms, but not in the gymnosperm Picea sitchensis, either
due to independent gene loss or perhaps incomplete genome
sequence annotation (Figure 2; Supplemental Table 2). The OMA1
homolog in Arabidopsis has been observed in several mitochon-
drial proteomics studies (Finkemeier et al., 2011; Klodmann et al.,
2011)andhomologs inmaize, rice (Oryzasativa), tobacco (Nicotiana
tabacum), and other plant species have predicted mitochondrial
transit peptides. However, it appears that OMA1 function has not
been studied in any photosynthetic eukaryotes nor in prokaryotes.

Based on the cladogram (Figure 2), it is clear that PG-localized
M48 homologs form a separate clade; we named this M48D.
Proteins in this clade are only found in photosynthetic organisms,
including cyanobacteria, green algae, red algae, gymnosperms
(conifers), and angiosperms (Figure 2; Supplemental Figure 3 for
the M48D clade alone), but absent in the moss Physcomitrella
patens and the lycophyte Selaginella moellendorffii. None of the
membersof theM48cladehavebeenstudiedso far,but inaddition
to Arabidopsis PGM48, we did identify the maize PGM48 protein
(GRMZM2G111200) in isolated PG from leaves (Huang et al.,
2013). We also identified rice PGM48 (Os01g73910) in isolated
chloroplasts with good sequence coverage (in three independent
replicates) but not in total leaf extracts (see PPDB). PGM48 in
maize, rice, andmostotherangiospermshaveaTargetPpredicted
cTP (Supplemental Figure 1).

It should be noted that Arabidopsis and other photosynthetic
organisms have another peptidase family of CAAX proteases,
named M79, that typically cleave a C-terminal tripeptide from an
isoprenylated protein; there are five Arabidopsis proteins in this
M79 family. OneM79 family member in Arabidopsis is the plastid-
localized SNOWY COTYLEDON4 (AT5G60750), but there is no
evidence that it has CAAX activity (Albrecht-Borth et al., 2013).

Structural Model of PGM48 and Interaction with the
Monolayer PG

It is unknown how PGM48 interacts with PG, how substrates are
recognized and interact with PGM48, or how substrates obtain
access to the catalytic site. Fortunately, high-resolution x-ray
crystallography-based structures for M48 homologs in clade
M48A from human (PDB 4AW6) (Quigley et al., 2013) and Sac-
charomycesmikatae (PDB 4IL3) (Pryor et al., 2013) (37% identity
between these two STE24 homologs), clade M48B for Vibrio
parahaemolyticus (PDB 3CQB), and from clade M48C for
Geobacter sulfurreducens (PDB 3C37) are available in the Protein
Data Bank (http://www.rcsb.org/pdb/). Based on these available
structures, we built a homology model for mature Arabidopsis

PGM48 (Figure 3) to begin answering the key questions stated
above. The various scoring parameters of the top scoring
i-TASSER model for PGM48 (see legend of Figure 3) suggested
a meaningful model that is suitable and sufficient to address
general folding, formation of the active site, internal cavity, and
interaction with the PG. Lower scoring models were not further
considered. The PGM48 model was most similar to the 3.8-Å
structure of human STE24. Structural analysis showed that
STE24 has a seven transmembrane (TM) a-helical barrel struc-
ture surrounding a large, water-filled chamber, capped by the
Zn-metallopeptidase domain with the catalytic site facing into
the chamber (Quigley et al., 2013). Figure 3A shows this structure
overlaid with the PGM48model, Figure 3B shows PGM48model
alone, and Figures 3C and 3D show it as a space-filling model
side-by-side with PGM48. The model quality is highest in the
centralportionofPGM48,whichcontainsthecatalyticsite (residues
180 through 265). PGM48 completely lacks the sequence corre-
sponding to TM1, 2, and 3 present in STE24 (Figures 3A and 3B).
The PGM48 model shows no transmembrane domains, but it has
shorter hydrophobic helices that partially overlay toTM3-7 (Figures
3A and 3B); this is consistent with PGM48 being associated with
a monolayer particle. The PGM48 active site residues (His-191,
Glu-192, His-195, andGlu-240) are located in the shorta-helices
7 and MH3, in close proximity to a 6 3 10-Å diameter cavity,
similar to that observed for STE24. Substrates are proposed to
enter the STE24 cavity through a pore located close to the lipid
surface. These substrates are prenylated at their C termini
(through the CAAX motif), and this (hydrophobic) prenyl group
helpsguide the substratealong the surfaceof the lipidbilayer into
the central pore (Quigley et al., 2013). After two cleavages, the
C-terminally truncated substrate is released. Interestingly, the
STE24 homolog in yeast was recently shown to clear the ER
Sec protein translocon from proteins clogging the translocation
pore (Ast et al., 2016); these substrates are probably not pre-
nylated. Similarly, despite older reports of protein prenylation
(e.g., palmityolation) in chloroplasts (Mattoo and Edelman, 1987;
Parmryd et al., 1997; but see Parmryd et al., 1999), no genetic or
further biochemical support for intraplastid prenylation has been
found. Hence, PGM48 is unlikely to have CAAX peptidase ac-
tivity, and it ismost likely thatPGM48cancleaveproteinswithout
(C-terminal) lipid modifications. The model for PGM48 shows
a pore situated at the postulated lipid interface (dashed lines)
(Figures 3C and 3D) that could provide substrate access to the
central cavity with the active site (Figure 3C, yellow asterisks).

Generation of PGM48 Under- and Overexpression Lines

To determine the physiological function and (candidate) sub-
strates of PGM48, we obtained, confirmed, and characterized
Arabidopsis T-DNA insertion lines for PGM48 that we named
pgm48-1 (insertion in exon) and pgm48-2 (insertion in intron)
(Supplemental Figure 4A). As expected, RT-PCR was not able to
amplify full-length mRNA for either line due to the relatively large
size of the T-DNA, and RT-PCR analysis showed >2-fold reduced
mRNA accumulation of the region upstream of the T-DNA in-
sertion for both lines (Supplemental Figure 4B). MS/MS proteome
analysis was performed on isolated PG of pgm48-1, which
identifiedPGM48 at 2- to 5-fold reduced levels comparedwith the
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wild type (Supplemental Figure 4C). We concluded that neither
line is a true loss-of-function (null) mutant. No visible phenotype
was observed in developing rosettes under a variety of abiotic
conditions, but natural senescence was delayed in both alleles
by ;1 week (Supplemental Figure 4D).

Because both T-DNA alleles were leaky, likely weakening the
phenotypes, we generated more complete loss-of-function
mutants by silencing PGM48 using RNAi (driven by a 2x35S
promoter). Additionally, we generated transgenic plants over-
expressing full-length PGM48 with a C-terminal StrepII tag
driven by the constitutive 35S promoter. RT-PCR for several
independent transformants (18-d-old plants a few days prior to
bolting) showed that PGM48mRNA increased by severalfold in
overexpression (OE) lines and decreased to nearly undetectable
levels in RNAi plants (even when using a higher cycle number)
compared with wild-type plants (Supplemental Figure 5A).

Immunoblotting with anti-strepII antiserum confirmed accu-
mulation of intact PGM48-StrepII in the OE lines (Figure 4A).
Immunoblotting of purified PG from wild-type, OE, and RNAi
lines showed that PGM48 was 2- to 3-fold higher in PG from
the OE-1 line but virtually undetectable in the RNAi-1 line
(Figure 4B). RT-PCR mRNA analysis (low cycle number) for
rosettes of 21-, 28-, 35-, and 42-d-old plants (grown under
long daylength, 18 h light) showed that PGM48 mRNA levels
were many fold higher in the OE-1 and -2 lines than wild-type
plants and that PGM48mRNAwas undetectable in the RNAi-1
and -2 lines throughout these developmental stages (Figure
4C; Supplemental Figure 5A). Extensive MS/MS protein
analysis of isolated PG of wild-type and transgenic lines
further confirmed the lack of PGM48 accumulation in the RNAi
lines (RNAi-1 and -2) and increased levels in the OE line (OE-1
and -2; seebelow). Thus,we successfully generatedArabidopsis

Figure 3. 3D Protein Structural Model for PGM48 and Predicted Interface with the PG Monolayer.

The 3D protein structural model of PGM48 was generated with i-TASSER (Yang et al., 2015) using the predicted mature PGM48 sequence (residues 48 to
344). The top scoring i-TASSERmodel for PGM48 had aC-score of20.98 (C-scores range from25 [poorest] to 2 [best]) and estimated TM score of 0.596
0.14.Analysis ofPGM48proteinmodel usingProSA (Wiederstein andSippl, 2007) gave aZ-score of23.73,which iswellwithin the rangeof scores found for
protein structures of this molecular weight generated by crystallography and NMR. The protein model matched most closely to the 3.8-Å structure PDB
4AW6 of the M48 protein STE24 from humans (Quigley et al., 2013). Images were generated with PyMol Version 1.7.4 software (Schrödinger).
(A) Front view of STE24 structure (4AW6) in gray overlaid with the colored modeled PGM48. PGM48 is colored in rainbow from blue N terminus to red C
terminus. The Zn metal ion is marked in pink (not to scale). The STE24 helices 1 to 7, lumenal helices (L1 to 3), and cytoplasmic helices (MH1, 3, and 4) are
marked using the naming from Quigley et al. (2013). Helices 1, 2, 3, 7A, LH1, and LH2 are absent in the PGM48 model.
(B)Front viewof thePGM48model. Helices are numbered according to4AW6, and theNandC termini are indicated; theposition of theZn ion is indicated in
dashed pink.
(C) and (D) Side-by-side comparison of the structure 4AW6 of STE24 and the PGM48 model using a surface representation. Amino acid side chains are
colored inblack forhydrophobic residues (Leu, Ile, Val, Phe, Trp, andAla), red for acidic residues (GluandAsp), andblue for basic residues (Lys,Arg, andHis).
Dimensions (in Å) and approximate location of the ER/nuclear membrane lipid bilayer (STE24) and postulated PG lipid surface (PGM48) (dashed lines) are
indicated.

Plastoglobule-Localized Metallopeptidase PGM48 3025

http://www.plantcell.org/cgi/content/full/tpc.16.00745/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00745/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00745/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00745/DC1


lines with high constitutive levels of PGM48 or very low (unde-
tectable) levels of PGM48.

PGM48 Activates Leaf Senescence

During the vegetative stagesof seedlingdevelopment (i.e., prior to
bolting), theunder- andoverexpression linesdidnot showavisible
phenotype (data not shown). Bolting (the switch to reproductive
phase and first appearance of the inflorescence) started between
18 and 21 d in all three genotypes and was completed by day
21 (Supplemental Figure5B)with thefirstflowers toappearat22 to
25 d (under long day, 18-h light period). There was little change in
bolting time between the three genotypes (Supplemental Figure
5B).Arabidopsis is amonocarpic plant and in absenceof external
(stress) factors, the onset of leaf senescence is driven by the
developmental switch from vegetative to reproductive phase
(Schippers et al., 2015). During these early flowering stages, the
first visible signsof leaf senescencecanbeobserved in theoldest
leaves of the OE line, as well as wild-type plants (at 21-22 days),
whereas the onset of senescence in RNAi lines was delayed by
2 days (Figure 5A; Supplemental Figure 5C). These differences

became more pronounced in older rosettes (Figure 5A;
Supplemental Figure 5D for additional transgenic lines). Quan-
tification of senescence (categorized as green, green-yellow,
yellow, and brown/necrotic) for the individual leaves shows the
progression of senescence from 28 to 35 days in all three
genotypes, clearly demonstrating the accelerated senescence in
the OE line and the delay in the RNAi line (Figure 5B). Consistent
with this, leaf chlorophyll concentrationswere significantly lower
in theOE linesandhigher in theRNAi linesascomparedwithwild-
typeat28days (Figure5C) and35days (Supplemental Figure5E).
Interestingly, the total carotenoid to chlorophyll ratio was sig-
nificantly higher in the OE line compared with wild-type and the
RNAi line (Figure 5C), but there were no significant differences in
leaf 5 and 6 at 35 days (Supplemental Figure 5E), likely because
these leaves were now in a very advanced stage of senescence
(Figure 5A,B; Supplemental Figure 5D).
The acceleration and delay in senescence in respectively

the OE and RNAi lines was also reflected at the mRNA level
of the well-known senescence markers SAG12 (encoding for
the papain-like cysteine peptidase located in senescence-
associated vacuoles (Otegui et al., 2005; Carrión et al., 2013) and
SAG13, a dehydrogenase with unknown function (Miller et al.,
1999) (Figure 4C; see Supplemental Figure 5F for additional
replicate).SAG12expressionwasvisible in35d in theOE lines,but
only detected at 42 d in the wild type and at a much lower level in
theRNAi-1 line. Similarly,SAG13wasvisible at 28d in theOE lines
but at 35d in thewild typeandat very low level inRNAi lines (Figure
4C; Supplemental Figure 5F). Thus,mRNA accumulation patterns
confirm accelerated senescence in the PGM48 OE lines and
delayed senescence in theRNAi lines. ThusPGM48 is anactivator
of leaf senescence.

Effects of Natural Leaf Senescence on the PG
Transcriptome and Proteome

It is well established that the amount and size of PG increases
during leaf senescence in many plant species (Besagni and
Kessler, 2013). However, it is unknown if the PG proteome
changes. To determine if the PG proteome in wild-type plants is
affected by natural leaf senescence, we isolated PG from whole
rosettes of plants in the bolting and advanced natural senes-
cence stages. The PG proteomes were identified and quantified
by label-free spectral counting using MS/MS after SDS-PAGE
and tryptic digestion (Figure 6A; Supplemental Data Set 1).
Whereas most PG core proteins did not change in relative
abundance within the isolated PG, the relative abundance of
PGM48 increased 4-fold (Figure 6A). Furthermore, CCD4 stood
out for its strong, 5-fold decrease during senescence. ABC1K7
(part of the senescencemRNAexpressionmodule, togetherwith
PGM48 and PES1) was not detected in the bolting stage but was
clearly detected in the senescence stage (with 18 MS/MS
spectra) (Figure 6A). To understand if the proteome patterns are
also observed at themRNA level, we extracted themost relevant
leaf mRNA expression data from the public domain for all genes
encoding for PG proteins. Figure 6B compares mRNA levels
between senescing leaves and mature leaf 2 (best representing
the bolting stage) for all available PG genes. This shows that in
particularPES1,PES2,PGM48, andABC1K7 are inducedduring

Figure 4. Overexpression and Suppression of PGM48 in Arabidopsis and
Effect on mRNA Levels during Plant Development and Senescence.

(A) Accumulation of transgenic StrepII-tagged PGM48 proteins in PG
isolated from wild-type, OE, and RNAi rosettes as determined by immu-
noblotting using specific anti-StrepII serum.
(B) Accumulation level of endogenous and transgenic PGM48 and
ABC1K1proteins inPG isolated fromwild-type,OE-1, andRNAi-1 rosettes
as determined by immunoblotting. The Ponceau-stained blot is shown for
loading control. 1x and 3x correspond to;4 and 12 mg of loaded isolated
PG proteins.
(C)mRNA levels of PGM48, SAG12, SAG13, PES1, andCCD4, in rosettes
ofwild-type,OE-2, andRNAi-2 lines after 21, 28, 35, and42dgrowth under
18 h light/6 h dark, 130 mmol photonsm22 s21 light intensity (for additional
replicate, see Supplemental Figure 5F).
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senescence, whereas several others, in particular CCD4, FLAVIN
REDUCTASE-RELATED1,2, FBN8, VTE1, and UBIE-MT1, de-
creased. Figure 6C shows mRNA abundance levels for PGM48,
CCD4, ABC1K7, and PES1 in individual leaves from 17-d-old ro-
settes (continuous light), with leaf 2 being the oldest and leaf 12 the
youngest. mRNA for ALDO/KETO REDUCTASE (AKR) is shown for
comparison as an example of a gene not induced by senescence.
CCD4 mRNA very prominently increases with leaf age (up to ap-
proximately the bolting stage) but then clearly declines in senescent
leaves. This contrasts to PGM48, which also increases with
increasing leaf agebutcontinues to increase in senescing leaves.
Indeed, plotting the leaf mRNA expression level for all PG genes
shows that CCD4 and PGM48 really stand out in their upregu-
lation during leaf aging (Supplemental Figure 6A).

The microarray data are consistent with the mRNA expression
patterns observed experimentally by RT-PCR (Figure 4C), in that
CCD4mRNA level of the rosette peaks around28d (whenonly a few
of the oldest leaves on the rosette show some senescence; Figures
5Aand5B)butdramaticallydecreased inadvancedsenescingplants
(35 d) (Figure 4C; see also Supplemental Figure 5F for independent
series). Incontrast,mRNAlevelsofPGM48,PES1,andABC1K7peak
in later stages of senescence (Figure 4D; Supplemental Figure 5F).

PG Proteome from OE, RNAi, and Wild-Type Lines
during Senescence

We then determined and compared the proteomes of PG isolated
from wild-type, OE, and RNAi lines from 35-d-old senescing

rosettes (as in Figure 5 and Supplemental Figure 5) with three bi-
ological replicates (usingOE-1 and -2 and RNAi-1 and -2) to provide
insight inpossible targetsofPGM48peptidaseactivity.This identified
29 proteins out of the 30 known PG core proteins (low-abundance
At1G73750withunknown functionwasmissing) (SupplementalData
Set 2). Generally, the PG proteomes of the three genotypes were
similarwith 53 to59%ofproteinmass invested in theFBN family and
13 to 20% to the ABC1K family (Figure 7A). However, four PG core
proteins (PGM48, CCD4, ABC1K7, and PES1) significantly (P < 0.05
or < 0.01) under- or overaccumulated in the OE or RNAi lines (Figure
7B;SupplementalDataSet2).PGM48was2.5-foldhighercompared
with the wild type and undetected in the RNAi lines, consistent with
mRNA levels (Figure 7B). CCD4 decreased ;20-fold in the OE line
(undetected in two replicatesand just a fewMS/MSspectra in the3rd
replicate) butwasunchanged in theRNAi linecomparedwith thewild
type. ABC1K7 was 3-fold lower in the RNAi line compared with the
wild type, whereas PES1 increased twofold in the OE line and de-
creased 25% in the RNAi line.

PGM48 Interacts with PES1, CCD4, and ABC1K3 in Vitro

SincePGM48showsa role insenescence,we tested ifPGM48can
interactwith thechloroplast chlorophyll catabolic enzymesNYC1,
RCCR, HCAR, PAO, and PPH (Sakuraba et al., 2015) in mating-
based split ubiquitin yeast two-hybrid assays. This did not identify
interactions between these proteins and PGM48 (Figure 8A).
However, testing interaction of PGM48with ninePGcore proteins
showed that PGM48 interacted with PES1, CCD4, and ABC1K3,

Figure 5. Overexpression and Suppression of PGM48 in Arabidopsis Shows That PGM48 Protein Accelerates Natural Leaf Senescence.

(A) Examples of progression of natural leaf senescence of wild-type, OE, andRNAi lines under 18 h light/6 h dark, 130 mmol photonsm22 s21 light intensity.
Ten individual leaves, numbered from oldest to youngest, were separated from a plant rosette for each of the three genotypes at days 28 and 35.
(B) Percentage of leaf color measured from leaf 1 to 10 for each genotype; the average values of for three rosette plants per genotype are presented. Dark green,
healthy lookinggreentissue; lightgreen, light-green tissueundergoingdegreening;yellow,yellow leafsectionmostlydevoidofvisiblechlorophyll;brown,dead leaf.
(C)Chlorophyll a + b content on freshweight bases and total carotenoid/total chlorophyll ratios for leaves 5 and6 in the three genotypes at 28 d for plants as
shown in (A) and (B). Significance levels are indicated: *P < 0.05 and **P < 0.01.
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and a weak interaction was also observed with UBIE-MET, but no
interaction was found for ABC1K1, PES2, ABC1K7, ABC1K9, or
PGSAG (Figure 8A). Finally, thylakoid peptidase FTSH2, chloro-
plast membrane SAG protein (AT2G20920), and senescence-
induced stay-green protein 1 (NYE1/SGR1) did not interact with
PGM48 either (Figure 8A).

We then tested PGM48 interactions with PES1 and CCD4
using in vitro pull-down assays with purified recombinant
proteins expressed in E. coli. Recombinant PGM48 was gen-
erated with a His6 tag at the C terminus, whereas recombinant
CCD4 and PES1 were N-terminally fused with GST. Recombi-
nant PGM48-His6 was incubated with recombinant GST-CCD4,

Figure 6. PG Proteome Composition in Wild-Type Plants during Natural Leaf Senescence and mRNA Levels for PG Genes.

(A)PGM48 relative protein accumulation levels determined by label-free spectral counting quantitative proteomics of isolatedPGat bolting stage and
advanced senescence stage in the wild type. Results from two replicates of independent PG preparations were analyzed; relative abundance was
normalized to the total amount of PG core protein. Plants were grown under short-day conditions (10 h light/14 h dark). For the complete abundance
data of all PG core proteins, see Supplemental Data Set 1. CCD4 and PGM48 showed >4- to 5-fold difference between the bolting and advanced
senescence stage.
(B)and (C)mRNAexpression data frompublicly availablemicroarray data for leaves from thewild type (Col-0); datawere downloaded fromhttp://bar.
utoronto.ca/. (B) shows the relative abundance ratio betweenmRNA frommature leaf 2 and senescent leaves for all genes encoding for the PG core
proteome, except for FBN1B, HBP3, and ESTERASE1 for which no data are available. (C) shows mRNA abundance levels of individual leaves from
17-d-old rosettes (continuous light), with leaf 2 being the oldest and leaf 12 the youngest. This genes selected are PGM48 and CCD4, showing
ABC1K7 and PES1 as senescence-induced genes for comparison and AKR as a gene not induced by senescence. CCD4 mRNA very prominently
increases with leaf age but is clearly declining in senescent leaves; this contrasts with PGM48, which also increases with increasing leaf age but
continues to increase in senescing leaves.
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GST-PES1, or GST (as negative control), followed by affinity
purification using Ni-NTA resin. After extensive washing, bait
protein (PGM48-His) elutedwithGST-CCD4andGST-PES1, but
notwithGST (Figure 8B), confirming the observation by the yeast
two-hybrid system. Subsequently, we probed for interactions
for the same set of proteins, but this time using theGST-fusions
as bait, employing glutathione resin to capture GST-CCD4,
GST-PES1, andGST (asnegative control) and testing ifPGM48 is
pulled down with these baits (Figure 8C). We included GST-
PGSAG as an additional bait. As shown in Figure 8C, PG-M48
eluted with GST-CCD4 and GST-PES1, indicating a positive
interactionwithPGM48,whereasPGM48didnot elutewithGST-
PGSAG nor GST alone (Figure 8C). Thus, these reciprocal pull-
down experiments further supported interactions of PGM48
with CCD4 and PES1. Coimmunoprecipitation of endogenous

PGM48 in PG isolated from naturally senescing leaves using
our anti-PGM48 antiserum followed by MS/MS did success-
fully enrich for PGM48 but did not detect specific protein in-
teractors. Whereas we did apply cross-linkers prior to the
co-IP, it is likely that PGM48 interactions to target substrates
are highly transient and therefore difficult to capture.

DISCUSSION

PGM48 Represents a Specific Adaptation of
Photosynthetic Organisms

PGs are plastid microcompartments with multiple functions
integrated in plastid metabolism, developmental transitions,

Figure 7. PG Proteome Composition in Wild-Type, OE, and RNAi Plants during Natural Leaf Senescence Determined by MS/MS-Based Label-Free
Spectral Counting of Isolated PG.

(A)Relativemass abundanceofPGcoreproteins andprotein families normalized to theabundanceof the sumof all observedPGproteins. Twenty-eightPG
core proteins were observed. Proteomics data are listed in Supplemental Data Set 2, and spectral data are available at ProteomeXchange (see Methods).
PGswere isolated from35-d-old rosettes ofwild-type,OE-1,OE-2, RNAi-1, andRNAi-2 (plantswere grownunder long-day conditions at 18 h light/6 hdark)
and analyzed by MS. PG proteins were determined by label-free quantitative comparative proteomics. PGM48 was not identified in the RNAi lines. The
analysis was performed with three sets of independent biological replicates with two replicates for OE-1 and RNAi-1 and one replicate for each OE-2 and
RNAi-2 (Supplemental Data Set 2).
(B) Statistically significant pairwise differences of normalized abundance levels (using NadjSPC) for PG core proteins across the three genotypes were
determined by Student’s t test. PES1, CCD4, ABC1K7, and PGM48 showed significant pairwise differences (P < 0.05 or P < 0.01) as indicated in the bar
diagram. Protein abundanceswere quantified based on the number ofmatched adjustedMS/MS spectra (NadjSPC). Data shown here are average of three
independent replicate, andbars indicate standarddeviations (n=3). Abundance ratiosbetweenOE/wild-typeandRNAi/wild-typeofPES1,CCD4,ABC1K7,
and PGM48 are shown in the upper panel.
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andenvironmental adaptation (vanWijk andKessler, 2016). The
challenge is to unravel how PG and their molecular components
contribute to plastid homeostasis. This study concerns the role
of the PG-localized metallopeptidase PGM48 in leaf chloro-
plasts. Through in vitro assays, we showed that PGM48 is
a relatively low-abundance Zn-dependent metallopeptidase
and belongs to the peptidase clan MA containing a variety of
metallopeptidases. The families in clan MA are united by the
presence of an HEXXH motif in which the two His residues are
Zn ligands and the Glu has a catalytic function (Rawlings et al.,
2016). Importantly, phylogenetic analysis showed that PGM48
is part of a clade within the M48 family, here namedM48D, with
proteins only present in photosynthetic organisms, including
cyanobacteria, algae, and higher plants. Moreover, unlike M48
homologs in the other three clades, members of the M48D
clade have no predicted transmembrane domain, further in-
dicating that this subfamily represents a specific adaptation
(invention) of photosynthetic organisms. The lack of TMDs is
consistent with the complete lack of TMDs in other PG-localized
proteins (Lundquist et al., 2012a) and is logical given that PG are

monolayer particles. In addition to PGM48 in Arabidopsis PG,
we also identified the maize PGM48 homolog in isolated maize
PG (Huang et al., 2013); we predict that PGM48 homologs
in other plant species, as well as algae, are also located in PG.
The phylogeny suggests that plastid PGM48 homologs origi-
nate from the cyanobacterial endosymbiont. Most cyanobac-
teria have both PGM48 (clade M48D) and HTPX homologs
(clade M48B), suggesting that the PGM48 members originated
from gene duplication of HTPX and obtained a specialized
function in photosynthetic organisms. The primitive lycopod
S. moellendorffii and moss P. patens lack PGM48, but each
possesses a member of the M48A and C clades, indicating
independent gene loss in these species, either because these
species don’t have PGs or because they developed alternative
strategies to carry out PGM48 functions.P. patens chloroplasts
can accumulate lipid droplets under stress conditions, but it is
not clear if these are indeed PGs (Wang et al., 2009). There are
several reports of PGs in cyanobacteria (often named lipid
particles or lipid droplets in the cyanobacterial literature) (van
deMeene et al., 2006; Peramuna and Summers, 2014), but their

Figure 8. Interaction of PGM48 with Other PG Proteins.

(A)Yeast two-hybridassays for interactionsbetweenPGM48andselectedproteins.PGM48wasusedasbait, andselectedcandidateproteinswereusedas
prey. Bait plasmid contains Cub-PLV and prey plasmid contains NubG. NubGmoiety was fused to the N terminus of prey proteins. The resulting plasmids
were transferred into the different yeast strains for bait and prey. The transformed yeasts harboring bait and prey constructs were mated, and resulting
transformantswere analyzed on selectivemedium lacking Ade, His, Try, Leu, Ura, andMet (upper lane) and forb-galactosidase (b-Gal) activity (lower lane).
Soluble NubG and Nub-WT were used as negative and positive controls, respectively.
(B) Ni-NTA resin-mediated pull-down of PGM48-His with GST-CCD4. Purified GST alone (10 mg) or GST-fused CCD4 (2 mg) was incubated with purified
PGM48 fused with His6 (2.0 mg), together with Ni-NTA resin. Input (50% of the reaction) and eluted samples (80%) were loaded into a SDS-PAGE gel and
analyzed by silver staining. i, input; pd, pull-down eluate.
(C) Ni-NTA resin-mediated pull-down of PGM48-His with GST-PES1. Purified GST alone (10 mg) or GST-fused PES1 (3 mg) was incubated with purified
PGM48 fused with His6 (2.0 mg), together with Ni-NTA resin. Input (50%) and eluted samples (80%) were loaded into a SDS-PAGE gel and analyzed by
silver staining.
(D)Glutathione resin-mediatedpull-downofGST-PES1andGST-CCD4withPGM48-His. PurifiedGST-PES1 (2mg),GST-CCD4 (2mg),GST-PGSAG (2mg),
andGST alone (10 mg) were incubated with purified PGM48-His (3 mg) recombinant protein, together with glutathione resin. Input (50%of the reaction) and
eluted samples (80%) were loaded into a SDS-PAGE gel and analyzed by silver staining.
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proteome composition is not known. High-resolution three-
dimensional reconstruction of the cyanobacterium Synecho-
cystis sp PCC 6803 showed that lipid particles were abundant
and that their distribution was restricted to thylakoids (van
de Meene et al., 2006), similar as in Synechococcus sp PCC
7002 (Nierzwicki-Bauer et al., 1983). Their intracellular location
suggests a role in thylakoid maintenance or thylakoid bio-
genesis, similar as for plastid PGs. The PGM48 homolog in
Synechocystis sp PCC 6803 (sll1280) was identified by mass
spectrometry (Wegener et al., 2010; Liberton et al., 2016).
Experimental studies on PGM48 in cyanobacteria may help
further determine why the M48D clade evolved in photosyn-
thetic organisms.

PGM48 Substrate Selection, Interaction, and Cleavage

The PGM48 homology model suggests that the protein in its
native state has a hydrophobic surface suitable for interaction
with the PGmonolayer. The pore providing access to the active
site in the cavity is facing the aqueous phase but is not far from
the presumed lipid surface. This would make proteins that are
part of the PG the most likely substrate candidates. It is so far
unclear howa substrate(s) is recognizedbyPGM48, similar as it
is unknown how substrates for members of the other M48
clades are selected (see below). In case of the in vitro substrate
b-casein, cleavage by PGM48 occurred at (or from) the C-terminal
end. b-Casein has very little native structure (it is classified as
an intrinsically disorganized protein) and is highly sensitive to
peptidase digestion (Oldfield and Dunker, 2014). The obser-
vation that in vitro cleavage ofb-casein by recombinant PGM48
occurred at/from the C-terminal end suggests that this is the
preferred confirmation of substrate presentation and cleavage.
PGM48 and its homologs in the M48D clade likely have unique
properties and substrates compared with the other clades, and
its location in PG seems to exclude a general role in chloroplast
proteostasis.

PGM48 Is Associated with Senescence and Control of
Senescence and Stay-Green Mutants

Senescence induction depends on the developmental window.
Following cell proliferation and expansion (phase I), the leaf
matures and becomes competent for external signals that in-
duce senescence (phase II). That competence increases with
leaf age, and in phase III, this will result in the initiation of de-
velopmental senescence, independent of external factors
(Schippers, 2015; Schippers et al., 2015). A transcriptional
network drives senescence in stage III and also involves
several plant hormones as positive regulators (ethylene, ab-
scisic acid [ABA], jasmonic acid [JA], and salicylic acid) or
negative regulators (brassinosteroids and cytokinin). The
impact of these hormones on senescence has been demon-
strated though manipulation of transcription factors, signaling/
receptor components, or hormone biosynthetic pathways. For
example, overexpression of the transcription factor EIN3 causes
early senescence (Chen and Bleecker, 1995), whereas ethylene
insensitive mutants ein1 and ein2 show delayed senescence (Li
et al., 2013). Similarly, manipulation of cytokinin biosynthesis can

delay the onset of senescence (Gan and Amasino, 1995) be-
cause cytokinin increases sink strengthof the tissue (Schippers
et al., 2015). During leaf senescence, thylakoidmembranes and
their protein complexes together with associated cofactors are
dismantled in a controlled fashion (Hörtensteiner, 2009;
Hörtensteiner and Kräutler, 2011; Besagni and Kessler, 2013;
Kusaba et al., 2013; Avila-Ospina et al., 2014; Ishida et al., 2014).
Transmission and scanning electron microscopy, documenting
dramatic increase of PG volume during this natural senescence
process (Lichtenthaler, 1968; Tuquet and Newman, 1980; Tevini
and Steinmüller, 1985; Ghosh et al., 1994; Guiamet et al., 1999;
van Wijk and Kessler, 2016). The experimental data presented
in this study clearly show that over- or underexpression of
PGM48 result in respectively an acceleration or delay of natural
leaf senescence. One can therefore postulate that PGM48 (1) re-
moves a negative regulator (e.g., associated with brassinoste-
roid or cytokinin pathways), or (2) results in activation (or increased
levels)ofpositivesenescenceregulatorsorsignals (e.g.,associated
with ethylene, ABA, JA, or salicylic acid). However, PGM48 ex-
clusively accumulates in PG, which narrows the immediate sub-
strate pool to the PG proteome or proteins that transiently interact
with the PG and eliminates direct effects on nuclear transcription
factors or extraplastidic enzymes.

Hypothetical Functional Models for PGM48 Action and Role
in Senescence

The early PGM48 overexpression and late underexpression
senescence phenotypes indicate that M48 degrades or inacti-
vates a protein that is either an (indirect) repressor of senescence
or activates a protein (indirectly) required for senescence by
partial cleavage. The metabolite composition of leaf PG iso-
lated from four stages of natural senescence in beech leaves
was quantitatively (on weight basis) compared (Tevini and
Steinmüller, 1985). In particular, prenylquinones and free
fatty acids, but not glycolipids or proteins, accumulated in PG
during the senescenceprocess (Tevini andSteinmüller, 1985, and
references therein). Interestingly, the PG content of carotenoids
and carotenoid esters was very low in green leaves, but increased
in early stages of senescence (while total leaf carotenoid content
decreases), and then decreased to low levels in more advanced
stagesof senescence (Tevini andSteinmüller, 1985). Thus, thePG
participates in the controlled removal of carotenoids from the
thylakoid membrane during the senescence process. The mech-
anism by which the carotenoid content decreases in PGs is
unknown.
Based on our current observations and information from

published literature, we propose a functionalmodel that explains
how PGM48 affects leaf senescence (Figure 9A). The model
proposes that PGM48 degrades or partially cleaves one or more
PG-localized or transiently associated PG protein, resulting in
modified metabolism and/or metabolite content, thereby ac-
celerating leaf senescence through an unknown retrograde
signaling pathway. Possible signals for induction or acceler-
ation of senescence are ABA or JA. Currently, there is no direct
evidence for PGM48 substrates, but based on the data presented
in this studyand insight from the literature,we suggest thatCCD4
is a good candidate.
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Degradation of CCD4 by PGM48 is supported by the fact that
(1) both PGM48 and CCD4 locate exclusively to PG and (2)
yeast two-hybrid and in vitro protein interaction data suggest
physical interaction between PGM48 and CCD4. The com-
parison of mRNA accumulation patterns for all genes encoding
for PG proteins shows a strikingly similar high induction of
CCD4 and PGM48, in particular compared with all other PG
genes (Figure 6; Supplemental Figure 6); whereas the latter
observation constitutes no direct proof that PGM48 degrades
CCD4, it does fit the pattern. The very clear observations of the
loss of CCD4 protein within the PG during senescence will re-
quire proteolytic activity, and PGM48 is an excellent candidate,
also because it is the only protease in PG. Recombinant PGM48
did not degrade recombinant GST-CCD4 in vitro (data not
shown), but this does not exclude in vivo degradation, perhaps
because degradation would require a monolayer lipid interface
and/or ABC1K3 dependent activation of PGM48 or phosphor-
ylation of CCD4.

CCD4 as a target for PGM48 is consistent with the observed
phenotype for the PGM48 OE and RNAi lines. The Arabidopsis
ccd4 T-DNA insertion null mutant (SALK_097984) shows ac-
celerated dark-induced leaf senescence after 4 d of darkness

compared with the wild type, as evidenced by accelerated chlo-
rophyll degradation and delayed degradation of carotenoids
(Figure 9B). Throughout dark-induced senescence, but not prior
to darkness, carotenoid-to-chlorophyll ratios are higher in the
ccd4 mutant, consistent with its role in carotenoid degradation
(Gonzalez-Jorge et al., 2013). Consistent with this, carotenoid-to-
chlorophyll ratios also increased in thePGM48 overexpression line
during senescence compatible with reduced CCD4 activity. CCD4
is known to function in degradation of carotenoids resulting in
productionofvariousvolatileapocarotenoidsandnotonly reducing
carotenoid content (Gonzalez-Jorge et al., 2013) but also affecting
leaf development though as yet uncharacterized signal trans-
duction pathways (Avendaño-Vázquez et al., 2014; Hou et al.,
2016). PGM48-driven degradation of CCD4 would reduce pro-
duction of these apocarotenoid signals and may also result in
increased flux into the downstream ABA biosynthetic pathway;
an increase in ABA levels would stimulate leaf senescence. It re-
mains to be determined if PGM48-driven degradation of CCD4 is
indeed the primary cause of the senescence phenotypes ob-
served. Future research is needed to obtain direct proof for
PGM48substrates, but identifyingsuchdirect substrate-protease
relationships is notoriously challenging for many proteases.

Figure 9. Model for PGM48 Function in Senescing Chloroplasts and Phenotype of the CCD4 Null Mutant during Dark-Induced Senescence.

(A) This model proposes that PGM48 degrades or partially cleaves one of more PG-localized proteins, resulting in modifiedmetabolism and/or metabolite
content, thereby accelerating leaf senescence through an unknown retrograde signaling pathway. Possible signals for induction or acceleration of se-
nescence are ABA or JA. So far, no direct substrates for PGM48 have been identified, but we suggest CCD4 as a strong candidate (see Discussion).
(B) The Arabidopsis ccd4 T-DNA insertion null mutant (SALK_097984) shows accelerated dark-induced leaf senescence after 4 d darkness comparedwith
thewild typeasevidencedbyacceleratedchlorophyll degradation,whereasdegradationof carotenoids isdelayed (lowerpanels). Throughoutdark-induced
senescence, but not prior to darkness, carotenoid-to-chlorophyll ratios are higher in the ccd4 mutant, consistent with its role in carotenoid degradation
(Gonzalez-Jorge et al., 2013). Student’s t test (*P < 0.1 and **P < 0.05).
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METHODS

Plant Materials and Growth Conditions

T-DNA insertions lines pgm48-1 (SALK_082409) and pgm48-2
(GABI_324A06) were obtained from the ABRC and European Arabi-
dopsis stock center (NASC), respectively. Plants were grown in a growth
chamberwith long-day conditions (18 h light/6 h dark) and temperature at
22°C with 130 mmol photons m22 s21 light intensity. Light sources are
described by Bhuiyan et al. (2015).

Phylogenetic Analysis and mRNA Expression Analysis

To generate a phylogenetic cladogram, 88 M48 proteins from 39 species
across the tree of life were aligned using MUSCLE (http://www.ebi.ac.uk/
Tools/msa/muscle/). Thealignment isavailableasSupplemental File 1.The
aligned sequences were exported in Clustal format and viewed in Jalview
(www.jalview.org/). Sequenceswere thenconverted inPHYLIP format, and
phylogenetic treeswere generated (1000 iterations) using theCIPRESweb
portal (http://www.phylo.org/) selecting the tool “RAxMLHPC blackbox.”
The resulting phylogenetic tree was annotated in FigTree (http://tree.bio.
ed.ac.uk/software/figtree/). RAxMLbootstrap support values are shownat
the nodes of the tree. The in silico mRNA expression Arabidopsis thaliana
tissue-specific expression profile was derived from the e-FP browser
(http://bar.utoronto.ca/ExpressionAngler/).

Generation of Anti-PGM48 Antiserum

The nucleotide sequence encoding amino acids 72 to 325 of PGM48 were
amplified by PCR. The resulting DNA fragment was ligated into restriction
sites (BamHI and XhoI) of the C-terminal His affinity tag of the pET21a
expressionvector.BL21Escherichiacolicellswere transformedbypET21a
vector harboring this truncated PGM48 gene, and cells were harvested
from liquid culture after addition of 1mM IPTG for 3 h incubation at 22°C. The
overexpressedproteinsweresolubilized in200mMNaCl, 50mMTris, and8M
urea at pH 8.0 and purified on a Ni-NTA resin matrix. A polyclonal antibody
against this truncatedPGM48proteinwasraised in rabbitsby injectingpurified
antigen (Alfa Diagnostic International). Antisera were affinity purified against
the same antigen coupled to a HiTrap N-hydroxysuccinimide (NHS) ester-
activated column (GE Healthcare Life Science).

T-DNA Insertion Mutants, Genotyping, and RT-PCR

T-DNA insertion lines pgm48-1 and pgm48-2 were identified by geno-
typing, and insertion was confirmed by DNA sequencing. Details on
genotyping primers are listed in Supplemental Table 3. RNAwas collected
from homozygous plants and RT-PCR was performed using two different
primers set. For transcript analysis, total RNA was extracted from Arabi-
dopsis leaves using the RNeasy plant mini kit (Qiagen). RNA was reverse
transcribed with random hexamer primers using Superscript III reverse
transcriptase from Invitrogen. mRNA was normalized by ACTIN2, and the
PCR condition was 28 cycles at 94°C for 2min, 55°C for 30 s, and 72°C for
1 min. A complete list of primers can be found in Supplemental Table 3.

Generation of Constitutive Overexpression and RNAi Lines

To generate transgenic plants overexpressing PGM48 (OE lines), a full-
length PGM48 cDNA was cloned using forward and reverse primers. For
a complete list of primers, see Supplemental Table 3. A nucleotide se-
quence encoding the StrepII tag was added in the reverse primer before
the stop codon. PCR products were cloned into pCR8 Topo vector (In-
vitrogen) and verified by DNA sequencing. This clone was ligated into
gateway pEARLYGATE100 vector (ABRC stock center) using LR enzymes
(Invitrogen). To suppress PGM48 gene expression through RNAi (RNAi

lines), a partial cDNA (nucleotides 1 to 304) was cloned into pCR8 Topo
vector, verified by DNA sequencing, and cloned into the pRNAi-GG
vector containing the 2x35S promoter (from the ABRC; Yan et al.,
2012). These vectors were transformed into Agrobacterium tumefa-
ciens and subsequently transformed into wild-type Arabidopsis by the
floral dip method.

Antibiotic Selection, Genotyping, and RT-PCR

Transgenic plants were selected using plates containing BASTA (for
pEARLYGATE100 vector) and kanamycin (pRNAi-GG vector). Plants
surviving on selective medium were genotyped and confirmed the
presence of the transgene. They were then transferred to soil for seed
production. For transcript analysis, total RNA was extracted from
Arabidopsis leaves using the RNeasy plant mini kit. RNA was reverse
transcribedwith random hexamer primers using Superscript III reverse
transcriptase from Invitrogen. mRNA was normalized to ACTIN2, and
the PCR conditions were 20 or 22 cycles at 94°C for 2 min, 55°C for
30 s, and 72°C for 1 min. A complete list of primers can be found in
Supplemental Table 3.

Pigment Concentrations

Chlorophyll and carotenoid concentrations were determined by absor-
bance spectrometry after extraction in 80% acetone (Porra et al., 1989).
For chlorophyll and carotenoid determination, we collected specific
leaves (leaves 5 and 6) fromOE, RNAi, andwild-type plants. In the case of
the ccd4-1 mutant, we collected the leaves that turn yellow after 4 and
6 d of dark treatment, and the same leaf number was also collected from
the wild type.

PG Isolation

The PG isolation method was from Ytterberg et al. (2006) and Lundquist
et al. (2012a). For PG preparations from senescing leaves, plants were
grown on soil under 120 mmol photons m22 s21 with an 18-h photoperiod
for 35 d. Rosettes were harvested and homogenized in grinding buffer
(50 mM HEPES-KOH, pH 8.0, 5 mM MgCl2, 100 mM sorbitol, 5 mM as-
corbic acid, 5 mM reduced cysteine, and 0.05% [w/v] BSA). Homogenate
was filtered through four layers of 20-mm Miracloth, and thylakoid mem-
braneswerepelleted by centrifugation for 6min at 1800g. Thylakoid pellets
were washed once in 4 volumes of grinding buffer and resuspended in
Medium R (50 mM HEPES-KOH, pH 8.0, 5 mM MgCl2, and cocktail of
peptidase inhibitors) containing 0.2 M sucrose. Resuspended thylakoids
were sonicated 4 3 5 s at output power 23 W (model 100 sonic dis-
membrator; Fischer Scientific), returning the samples to ice between each
sonication event. Sonicated samples were centrifuged for 30 min at
150,000g, and PGswere released from the thylakoid floated to the surface
of thesolution.PGswere removedandcombinedwithMediumRwith0.7M
sucrose to achieve a sucrose concentration of 0.5 M, which was then
overlaidwithMediumRwith 0.2Msucrose andMediumRwith no sucrose.
The gradient was centrifuged 90 min, 150,000g. The resulting floating pad
of PGs was removed, flash frozen in liquid N2, and stored at 280°C.

Yeast Two-Hybrid Assay

Yeast two-hybrid assay was performed as previously described (Bhuiyan
et al., 2015). The coding sequenceofmaturePGM48 (amino acid 48 to344)
was cloned in pMetYC-DEST vector (Grefen et al., 2007) and used as
bait for interaction studies. Different PG-localized proteins, chlorophyll
catabolite enzymes, and other candidate proteins were cloned into
pXN22-DEST or pNX32-DEST vector (Grefen et al., 2007) and used as prey
for the interaction with bait proteins. Haploid yeast strains THY.AP4 and
THY.AP5 were transformed by bait constructs and prey constructs,
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respectively. Bait plasmid contains Cub-PLV, and prey plasmid contains
NubG. NubG moiety was fused to the N terminus of prey proteins. Yeast
strainswerepurchased from theABRCstockcenter.AftermatingTHY.AP4
and THY.AP5, diploid cells were selected growing on synthetic medium
lacking Try and Leu. Positive colonies were subjected for testing in-
teraction. Interactions between bait and prey proteins were performed
according to the protocol described (Grefen et al., 2007). Interactionswere
verified by growing yeast colonies on synthetic minimal medium lacking
Ade, His, Try, Leu, Ura, and Met and by b-galactosidase (b-Gal) activity.
Soluble NubG and Nub-WT were used as negative and positive controls,
respectively.

PGM48 Site-Directed Mutagenesis and in Vitro Proteolytic
Activity Assays

Mature PGM48 (without cTP) was cloned using forward (PGM48-M-FW)
and reverse (PGM48-M-RV) primers. The forwardprimer containsBamHI,
and the reverse primer contains SalI sites. The resulting PCR fragment
was ligated into pCR8 Topo vector and confirmed by DNA sequencing.
pCR8 vector harboring PGM48 gene was digested by BamHI and SalI
restriction enzymes. The resulting DNA fragment was ligated into re-
striction sites (BamHI and SalI) of the C-terminal His affinity tag of the
pET21a expression vector.

Two mutants, H191A and E192D of PGM48, were constructed using
a PCR method. For the mutant H191A, the C-terminal part of mature
protein was amplified from pCR8 plasmid harboring PGM48 gene using
forward primer (PGM48H191A-FW) and reverse primers (PGM48-M-RV).
Forward primer M48H191AFW contains the mutation site CAT (His) to
GCT (Ala). The N-terminal part of mature protein was amplified using
forward (PGM48-M-FW-) and reverse (PGM48H191A-RV) primers. Re-
verse primer PGM48H191A-RV contains the introduced site CAT (His) to
GCT (Ala). The amplified two fragments were gel purified and mixed and
used as template (1:1) for second-round PCR to amplify mature protein
using the forwardand reverseprimer sets,PGM48-M-FWandPGM48-M-
RV, respectively. Second mutant E192D was amplified the same way as
H191A except for the different primer sets to introduce the mutation from
GAA (Glu) to GAT (Asp). The PCR fragments were ligated into pCR8 Topo
vector, and the mutations were confirmed by DNA sequencing. BL21
E. coli cells were transformed by pET21a vector harboring the various
PGM48 constructs, and cells were harvested from liquid culture after
addition of 1 mM IPTG for 3 h incubation at 22°C.

Overexpressedwild-typeandmutantsPGM48weresolubilized in300mM
NaCl, 50mMTris, and 10%glycerol at pH 8.0 and purified on aNi-NTA resin
matrix. The purified protein was dialyzed using a dialysis cassette (slide-A-
Lyzer; Thermo Scientific) against buffer 100 mM NaCl and 50 mM Tris and
10% glycerol. After dialysis, the protein was concentrated using microcon
centrifugal filter units (Millipore). In vitro proteolytic activity was performed by
incubating recombinant proteinswithb-casein at 37°C for 3 hwith orwithout
various peptidase inhibitors. The reaction was stopped by adding 3% SDS
and then followed by separation of the protein products by SDS-PAGE
followed by staining with Coomassie blue or silver nitrate.

To determine cleavage site specificity, recombinant active PGM48 and
inactive PGM48-H191A were incubated with b-casein for 3 h at 37°C,
followed by desalting using C4 Ziptip (Millipore) using the manufacturer’s
guidelines. The peptide mixture was directly infused into a LTQ-Orbitrap
MS instrument at a flow rate of 0.3 mL per minute through a 15-mm fused
silica emitter tip (New Objective). Samples were first analyzed using the
Orbitrap detector (FT-MS scan) at 7.5k or 15k resolution over a 600 to
2000 m/z range. The AGC target was set to 1.e6, tube lens, and capillary
voltages were 200 and 60 V, respectively. The needle voltage was 2000 V.
MS/MS spectra were acquired either manually in Tunemode or by running
a data-dependent acquisitionmethod identical to that used for proteomics
(see below) except without LC separation. As such, MS/MS spectra were
acquired for peptides visible in the FT-MS spectra. These MS/MS spectra

were searched against the Swiss-Prot proteome (January 2014 version,
542,258 sequences) using MASCOT v 2.4.1 (Matrix Science). For the
database search, the MS and MS/MS tolerance was 3 ppm and 0.5 D,
respectively; no enzyme was specified and oxidized Met and phosphor-
ylated Ser/Thr were chosen as variable modifications.

In Vitro Protein-Protein Interactions

Mature PES1 and CCD4 were cloned into pCR8 Topo vector and ligated
into the pGEX5-1 expression vector using EcoRI and XhoI sites. Re-
combinant proteins were expressed in E. coli BL21 cells by incubation at
22°Cwith IPTG for 5 h; solubilized proteins were purified using glutathione
resin at 4°C. The purified proteins were dialyzed using a dialysis cassette
(slide-A-Lyzer) against 100 mMNaCl and 50 mM Tris-HCl (pH 8) and 10%
glycerol. After dialysis, proteins were concentrated using microcon cen-
trifugal filter units. To analyze interactions between PGM48 and PES1 or
CCD4, bait and prey proteins were incubated at room temperature for 2 to
3 h and then resin was added to themixture and incubated for another 1 h.
Resin was washed by washing buffer five times, and resin-bound protein
waselutedbyelutionbuffer (1.5%SDS, 50mMTris-HCl, pH8, andglycerol
15%)byheatingat75°C for5min. InteractionwasvisualizedbySDS-PAGE
gel and staining with silver nitrate.

Proteomics, MS, and Display in PPDB and Submission to Public
Data Repository

For protein identification and quantification, each gel lane was cut in con-
secutivegel slices, followedby in-gel digestionusing trypsinandsubsequent
peptide extraction as described previously (Friso et al., 2011). Peptide ex-
tracts for each gel bandwere then analyzed byonline nanoLC-MS/MSusing
an LTQ-Orbitrap (Thermo). Resulting spectral data were searched against
the predicted Arabidopsis proteome (TAIR10), including a small set of typical
contaminants and the decoy, as described by Nishimura et al. (2013). Only
proteins with two or more matched spectra were considered. Protein
abundances were quantified according to the number of matched ad-
justed MS/MS spectra (AdjSPC) as explained by Friso et al. (2011).
MS-derived information, as well as annotation of protein name, location,
and function for the identified proteins, can be found in the Plant Proteome
Database (http://ppdb.tc.cornell.edu). MS-derived information, as well as
annotationof protein name, location, and function for the identifiedproteins,
can be found in the PPDB (http://ppdb.tc.cornell.edu/). TheMS proteomics
data have been deposited to the ProteomeXchange Consortium (Vizcaíno
et al., 2014) via the PRIDE partner repository (http://www.ebi.ac.uk/pride)
with the data set identifiers PXD003684 and 10.6019/PXD003684.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
librariesunder the followingaccessionnumbers:CCD4,AT4G19170;PGM48,
AT3G27110; ABC1K3, AT1G79600; PES1, AT1G54570; and ABC1K7,
AT3G07700. Accession numbers for all genes/proteins mentioned in the
text or figures in this article are listed in Supplemental Tables 1 and 2.
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Supplemental Figure 1. The N terminus of Arabidopsis PGM48 and cTP
predictions for Arabidopsis and homologs in other dicots and monocots.

Supplemental Figure 2. MS spectra of digests by active PGM48 and
mutant inactive PGM48 (PGM48-H191A).

Supplemental Figure 3. Phylogenetic tree of clade M48D with
PGM48 homologs.

Supplemental Figure 4. Characterization of T-DNA insertion mutants
in PGM48 and PGM48 is a senescence-induced protein in Arabidopsis
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Supplemental Figure 5. Additional phenotypic analysis of RNAi and
OE lines.

Supplemental Figure 6. mRNA expression data from publicly avail-
able microarray data for leaves from the wild type (Col-0) for all genes
encoding for the PG core proteome and for ZEP.

Supplemental Table 1. Mass spectrometry analysis of b-casein
digests with recombinant wild-type PGM48.

Supplemental Table 2. M48 homologs in the four clades in species
across the tree of life.

Supplemental Table 3. Primers used in this study.

Supplemental File 1. Sequence alignment used for the phylogenetic
analysis displayed in Figure 2.

Supplemental Data Set 1. The relative accumulation levels for all
observed PG core proteins of the wild type after 6 (bolting stage) and
12 (advanced senescence) weeks growth under short-day conditions
(10 h light/14 h dark).

Supplemental Data Set 2. PG proteomes of wild-type, RNAi, and
OE lines.
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