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Selective proteolysis in plants is largely mediated by the ubiq-
uitin (Ub)/proteasome system in which substrates, marked by
the covalent attachment of Ub, are degraded by the 26 S protea-
some. The 26 S proteasome is composed of two subparticles, the
20 S core protease (CP) that compartmentalizes the protease
active sites and the 19 S regulatory particle that recognizes and
translocates appropriate substrates into the CP lumen for
breakdown. Here, we describe an affinity method to rapidly
purify epitope-tagged 26 S proteasomes intact from Arabidopsis
thaliana. In-depth mass spectrometric analyses of preparations
generated from young seedlings confirmed that the 2.5-MDa
CP-regulatory particle complex is actually a heterogeneous set
of particles assembled with paralogous pairs for most subunits.
A number of these subunits are modified post-translationally by
proteolytic processing, acetylation, and/or ubiquitylation. Sev-
eral proteasome-associated proteins were also identified that
likely assist in complex assembly and regulation. In addition, we
detected a particle consisting of the CP capped by the single
subunit PA200 activator that may be involved in Ub-indepen-
dent protein breakdown. Taken together, it appears that a
diverse and highly dynamic population of proteasomes is assem-
bled in plants, which may expand the target specificity and func-
tions of intracellular proteolysis.

Plants, like other eukaryotes, rely on the selective removal of
abnormal/nonfunctional polypeptides and key short lived reg-
ulatory proteins to maintain homeostasis and control their
physiology, growth, and development. Arguably, the main pro-
tease in plants is the 26 S proteasome, a 2.5-MDa complex
responsible for the bulk of ubiquitin (Ub)*-mediated proteoly-
sis (for reviews see Refs. 1, 2). Although the accumulated knowl-
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edge of the 26 S proteasome is mainly derived from the analysis
of yeast and mammalian complexes, emerging studies indicate
that a similar complex exists in plants (3, 4). Its intricate archi-
tecture is generated by a 28 subunit core protease (CP) capped
at both ends by an 18 subunit or more regulatory particle (RP).
The CP is a self-compartmentalized multicatalytic protease
created by the assembly of four stacked heptameric rings of «
and 8 subunits in a a;_,/B,_,/B;_,/a;_, configuration. A cen-
tral chamber encloses the active sites for peptidylglutamyl-pep-
tide-hydrolyzing, trypsin-like, and chymotrypsin-like activities
provided by the 31, 82, and 35 subunits, respectively. Access to
this chamber is guarded by an axial pore created by each «
subunit ring, which employs a sophisticated gating mechanism
to restrict access such that only unfolded proteins may enter the
catalytic chamber (2, 5).

The RP binds to one or both ends of the CP and sits directly
over the a ring pore. It is composed of two subcomplexes as
follows: a base containing six related AAA-ATPases (desig-
nated RPT1-6 for regulatory particle triple-A ATPases) and
three non-ATPase subunits (designated RPN1, RPN2, and
RPNI10, for regulatory particle non-triple-A ATPases), and a
lid that contains at least 12 additional RPN subunits (RPN1-3
and -5-13) (1-3). The functions of only some of the RP sub-
units are known. The six RPT subunits form a ring that con-
sumes ATP to facilitate channel opening, and target protein
unfolding and translocation into the CP (5, 6). The RPN10 and
RPN13 subunits function as the major Ub receptors to identify
appropriate substrates bearing poly-Ub chains (7-10). RPN1
has been shown to interact with ubiquitin-binding shuttle pro-
teins and thus may also assist in substrate recognition (11).
RPN11 has a deubiquitylating activity that can remove Ub moi-
eties bound to target proteins during their breakdown (12). The
possible roles of the remaining subunits include the assembly
and maintenance of structural integrity, substrate selection,
processing steps to ready a target for breakdown, target import,
discharge of amino acid/peptide products from the CP lumen,
and Ub recycling (2, 13).

In addition to core subunits, a number of other factors asso-
ciate substoichiometrically with the 26 S proteasome. Given
the complicated design of this multisubunit particle, it is not
surprising that some act transiently as chaperone-like factors to
promote assembly (14—16). Others appear to aid in polyubig-
uitylating substrates (e.g. E3s), the delivery of these substrates to
the complex, and/or Ub recycling during substrate breakdown
(2,17, 18). In the most extreme case, novel complexes have been

cle; T, transfer; WT, wild type; RT, reverse transcription; Rubisco, ribulose-
bisphosphate carboxylase/oxygenase; HA, hemagglutinin.
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identified in yeast and mammals that consist of the CP capped
on one or both ends by the hexameric PA28/11S regulator (19)
or the single proteasome activator (PA)-200 protein (Blm10 in
yeast) (20-22).

In the past few years, great strides have been made in defining
the 26 S proteasome from plants and identifying most of its core
subunits (3, 4). Both genomic analyses and biochemical studies
of purified preparations have shown that the complex is more
heterogeneous than in most other eukaryotes. For example,
wheras each core CP and RP subunit is encoded by a single gene
in yeast, most Arabidopsis and rice subunits are encoded by
gene pairs, some of which are sufficiently different in sequence
(23-26) and/or genetic impact (13, 27-32) to suggest distinct
functions. Unfortunately, all previous biochemical analyses of
plant proteasomes used conventional chromatographic
approaches to isolate the particle (25, 26, 33). Based on studies
with the yeast complex, these purifications may have missed
less tightly bound core and accessory components (e.g. RPN13,
UPL7 (Hul5 in yeast), UBP6, ECM29, and PA200) (34, 35). At
least for the Arabidopsis particle, the time-consuming protocol
also generated preparations contaminated with breakdown
products for individual subunits (e.g. RPN10), thus compromis-
ing conclusions drawn from their analysis (26).

To better define the activity and subunit composition of the
26 S proteasomes in plants, we developed an affinity-based
strategy to effectively purify the holoenzyme intact from Ara-
bidopsis. Mass spectrometric (MS) analysis of the complex iso-
lated from young seedlings allowed us to more accurately cata-
log the subunit composition, post-translation modifications,
and proteasome-interacting proteins. Particles assembled with
all but three of the potential core subunit isoforms were
detected, indicating that a heterogeneous collection of 26 S
proteasomes is assembled in planta. In addition, a number of
CP and RP subunits were found to undergo one or more post-
translational modifications, including partial proteolytic cleav-
age, acetylation, and ubiquitylation. Finally, we identified sev-
eral other proteins that associate with the Arabidopsis
proteasome, including the PBAC2 assembly chaperonin, the
associated DSS1/Sem1/RPN15 protein, the deubiquitylating
enzyme UBP16, and the alternative activator PA200. Our
results indicate that plants assemble a highly diverse population
of proteasomes that likely expands the functionality of these
proteolytic particles.

EXPERIMENTAL PROCEDURES

Plant Materials and Growth Conditions—The pagl-1
(SALK_114864) and pa200-1-6 (SALK_103341, SALK_
095870, SALK_070184, SALK_035070, SALK_007570, and
SALK_151948, respectively) T (transfer)-DNA insertion mu-
tants in the Arabidopsis thaliana ecotype Col-0 were identified
in the Signal T-DNA collection and obtained from the Arabi-
dopsis Biological Resource Center (Columbus, OH). The
pagl-1, pa200-2, and pa200-3 alleles were tracked by genomic
PCR using the T-DNA-specific left border primer (Lbal) in
combination with the gene-specific primers P11, P13, and P15,
respectively (see supplemental Table 1 for all primer sequences
used in this study). RT-PCR of the T-DNA insertion lines used
the primer pairs P1 + P2 (pagI-I1), P12 + P13 (pa200-2) and
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P14 + P15 (pa200-3) in combination with total seedling RNA as
described previously (18). The rpn12a-1 mutant was described
by Smalle et al. (30). The mutants were backcrossed three times
to the Col-0 parent and then made homozygous by selfing.
Unless otherwise noted, plants were grown under sterile con-
ditions on solid Gamborg’s B-5 growth medium containing 2%
sucrose and 0.7% agar (Invitrogen).

For MG132 treatments, plants were grown on growth
medium agar containing 2% sucrose for 4 days under long
day conditions. Seedlings were then transferred to liquid
growth medium containing 2% sucrose and 100 um MG132
(N-(benzyloxycarbonyl)-Leu-Leu-Leu-al; Enzo Life Sciences,
New York) and incubated for 30 h under continuous light with
gentle shaking (28).

Affinity Tagging and Complementation—The genomic re-
gion encompassing the full coding sequence of PAGI plus the
2-kbp sequence upstream of the ATG translation start site was
PCR-amplified from A. thaliana ecotype Col-0 genomic DNA,
using the primer pair P9 and P10, and cloned into the pENTR/
D-TOPO entry vector (Invitrogen). The sequence-confirmed
clone was recombined in-frame into the appropriate destina-
tion vectors containing the various C-terminal fusion tags,
including FLAG (DYKDDDDK), Myc (EQKLISEEDL), and HA
(YPYDVPDYA) (pEarleyGate302, 303, and 301, respectively
(36)). These constructions were transformed into pagl-1/+
heterozygous plants by the Agrobacterium-mediated floral dip
method. Double heterozygous T, progeny were selected by
Basta resistance and confirmed by genomic PCR to contain the
pagl-1 allele and the PAGI transgenes using primers P1 + P2
(wild type), P3 + Lbal (pagl-1 T-DNA), and P3 + P5 (PAGI
transgenes). Homozygous pagl-1 T, plants rescued with the
various tagged PAGI transgenes were confirmed by immuno-
blot analysis with anti-PAG1 antibodies.

Immunological Methods—The full-length PAGI cDNA was
PCR-amplified using primers P5 and P6 and cloned into the
pDONR221 entry vector (Invitrogen). The sequence-con-
firmed cDNA was recombined into pDEST17 to express the
protein with an N-terminal Hisg tag in Escherichia coli strain
BL21. Following a 3-h induction with 0.4 mM isopropyl 1-thio-
B-D-galactopyranoside, the expressed protein was collected
from the insoluble fraction by centrifugation, dissolved in 8 M
urea, and bound to nickel-nitrilotriacetic acid agarose (Qiagen,
Valencia, CA) followed by elution with 250 mm imidazole.
PAGI protein was further purified by preparative SDS-PAGE;
gel pieces containing the 27-kDa protein (visualized by Coo-
massie Blue staining) were excised, rinsed, and injected directly
into rabbits (Harlan BioProducts, Madison, WT).

PA200 antibodies were generated against a partial fragment
encompassing residues 840—1140. The corresponding cDNA
sequences were obtained by RT-PCR amplification of total
seedling RNA using the primer pairs P7 + P8 and subcloned
into pET23b (Novagen, San Diego). The protein fragment was
expressed in BL21 cells, purified, and injected into rabbits as
described for PAG1. Immunoblot analyses were performed
according to Smalle et al. (30). Antibodies against CSN4 and
CSNS5, elF3b and elF3-e, HSC70, Rubisco large subunit, and
nitrilase-1 were provided by Drs. Xing-Wang Deng, Daniel
Chamovitz, Charles Guy, Archie Portis, and Mark Estelle,
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respectively. Antibodies against PBA1, RPN1, RPN5, RPN10,
RPN12a, RPT2a, and Ub were as described previously (26, 30).
Anti-FLAG M2 antibodies were obtained from Sigma.

Affinity Purification using PAGI-FLAG—PAGI1-FLAG
pagl-1~"" seedlings were grown 10 days under continuous
light in liquid growth medium containing 2% sucrose. The
seedlings (5 g of fresh weight) were pulverized at liquid nitrogen
temperatures using a mortar and pestle and extracted with 7.5
ml of Buffer A (50 mm Tris-HCI (pH 7.5), 25 mMm NaCl, 2 mm
MgCl,, 1 mm EDTA, and 5% (v/v) glycerol), with 10 mm ATP, 6
uMm chymostatin, and 2 mm phenylmethylsulfonyl fluoride
added just before use. Extracts were filtered through Miracloth
(Calbiochem) and clarified at 25,000 X g for 20 min. The super-
natant was immediately applied three times to a column con-
taining 50 wl of anti-FLAG M2 affinity beads (Sigma) and then
washed three times with 2 ml of Buffer A. Bound protein was
eluted by a 20-min rotation at 4 °C with 250 ul of Buffer A
containing 500 ng/ul of the FLAG peptide (DYKDDDDK; Uni-
versity of Wisconsin Biotech Center, Madison, WI). The RP
subcomplex was selectively released by incubation of bead-
bound 26 S proteasomes with Buffer A plus 800 mm NaCl.

Glycerol gradient centrifugation and activity assay were per-
formed as described previously (13). CP peptidase activity in
the absence or presence of MG132 was measured using the
substrate  succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcou-
marin (BioMol, Plymouth Meeting, PA) (26). Other protease
inhibitors were obtained from Sigma. Nondenaturing PAGE
followed the protocol of Yang et al. (26). For two-dimensional
native/SDS-PAGE, the gel lanes from native PAGE were incu-
bated with 1% SDS and 1% 2-mercaptoethanol for 30 min and
then subjected to SDS-PAGE in the second dimension.

For the protease inhibitor assays, seedlings were extracted as
above with the inclusion of various inhibitors. Concentrations
used were as follows: Roche Applied Science complete mini
protease inhibitor mixture, 1 tablet/10 ml; aprotinin, 800 nm;
antipain, 100 uM; benzamide, 4 mm; chymostatin, 6 um; E-64,
10 u™; leupeptin, 10 mm; MG132, 50 um; N-ethylmaleimide, 1
mu; pepstatin, 1 ug/ml; and phenylmethylsulfonyl fluoride, 2
mM. Extracts were incubated at 25 °C for 1 h.

MS Sample Preparation—Samples purified by the anti-FLAG
affinity chromatography were treated with 50 mm dithiothre-
itol and 55 mm iodoacetamide, digested overnight at 37 °C with
20 ng/ul sequencing grade trypsin (Promega, Madison, W1I), or
25 ng/ullysyl endopeptidase C (LysC; Wako, Richmond, VA) in
100 mm ammonium bicarbonate (pH 8.0), and then vacuum
dried. Samples were reconstituted in 100 ul of 5% acetonitrile
and 0.1% formic acid, desalted using C18 pipette tips (OMIX tip
C18, Varian, Lake Forest, CA), and dried again. The vacuum-
dried samples were reconstituted in 10 ul of 5% acetonitrile and
0.1% formic acid prior to liquid chromatographic separation.
For affinity purification after MG132 treatments, plants were
grown as stated above for 9 days and then treated for 30 h with
100 um MG132.

HPLC-ESI-MS/MS HCD and ETD Analysis—High energy
collision dissociation (HCD) and electron transfer dissociation
(ETD) MS analyses employed a capillary liquid chromatogra-
phy-MS/MS system consisting of a high performance liquid
chromatograph (HPLC) (Waters NanoAcquity, Milford, MA)
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connected to an electrospray ionization (ESI) FT/ion-trap mass
spectrometer (LTQ Orbitrap Velos, Thermo Fisher Scientific,
San Jose, CA) (37, 38). A fritless 100 X 365-um fused silica
capillary micro-column was prepared by pulling the tip of the
capillary to ~1 uwm with a P-2000 laser puller (Sutter Instru-
ments, Novato, CA) and packing the capillary with 10 cm of
5-um diameter C18 beads (Western Analytical Products, Inc.,
Murrieta, CA). The peptides were loaded over 20 min at a flow
rate of 1 ul/min and eluted over 115 min at a flow rate of 200
nl/min with a gradient of 2—45% acetonitrile in 0.1% formic
acid. For the trypsin-digested samples, a full mass scan was
performed in the FT Orbitrap between 300 and 1500 m1/z at a
resolution of 60,000, followed by 10 MS/MS HCD scans of the
10 highest intensity parent ions at 45% relative collision energy.
The HCD scans were also analyzed in the FT Orbitrap detector
at a resolution of 7500. Dynamic exclusion was enabled with a
repeat count of 2 over a duration of 15 min and excluded for 30
min. For the LysC-digested samples, the same chromatography
and full mass scan parameters were used, with ETD analysis of
the 10 most intense ions in the ion trap. The ETD activation
time was 70 ms, with charge-state screening enabled and the
singly and doubly charged ions excluded from analysis.

HPLC-ESI-MS/MS CID Analyses—Proteins purified by anti-
FLAG affinity chromatography were separated by SDS-PAGE.
Following visualization of the lanes with Coomassie Blue, a
total of 17 gel bands was excised and subjected to in-gel trypsin
digestion. The tryptic peptides extracted from each gel slice
were dried, desalted, and reconstituted as above and loaded
onto the C18 capillary microcolumn described above. MS anal-
ysis employed a capillary liquid chromatography-MS/MS sys-
tem consisting of an HPLC connected to an ESI ion-trap MS
(Surveyor HPLC and LCQ deca XPplus; Thermo Fisher Scien-
tific, San Jose, CA) (39). The peptides were eluted over 150 min
at a flow rate of 300 nl/min with a gradient of 5—80% acetoni-
trile in 0.1% formic acid. A full mass scan was performed
between 400 and 2000 /7, followed by three MS/MS collision-
induced dissociation (CID) scans of the three highest intensity
parent ions at 45% relative collision energy.

Arabidopsis Proteome Database Searches—The acquired MS
and MS/MS spectra were searched against the A. thaliana
ecotype Col-0 protein database (IPI Database version 3.61, Sep-
tember 2009) using the SEQUEST program (Thermo Fisher
Scientific). Sequences for trypsin, LysC, and human keratin
were added to the database to decrease the false-positive dis-
covery rate. Masses for both precursor and fragment ions were
treated as mono-isotopic. Oxidized methionine (+16 Da), car-
bamidomethylated cysteines (+57 Da), acetylation (+42 Da),
myristoylation (+210 Da), and phosphorylation (+80 Da) were
included as variable modifications. In addition, a mass shift of
114.1 Da for lysine residues was included as a variable modifi-
cation to identify possible Ub footprints (40, 41). The initial
search also allowed for up to two missed trypsin cleavages given
that ubiquitylated lysines are often resistant to digestion, with a
follow-up analysis that permitted this cleavage (42). The data
were filtered using a 1% false discovery rate (43). For the Orbi-
trap MS/MS datasets, parent ion masses were initially matched
with a mass tolerance of 15 ppm for precursor masses and 0.1
Da for HCD fragments; peptides were then filtered using Xcorr
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versus charge state (+1 > 1.5, +2 > 2.0, +3 > 2.25, +4 > 2.5,
+5 > 2.75, +6 > 3.0), and an Sp score >200. For the ion trap
MS/MS dataset, parent ion masses were initially matched with
a mass tolerance of 1.4 Da for precursor masses and 1 Da for
CID fragments; peptides were then filtered using Xcorr versus
charge state (+1 > 1.5, +2 > 2.0, +3 > 2.5). A minimum
identification of two unique peptides was required for confi-
dent identification of the parent protein.

Phylogenetic Analyses—Genes encoding orthologs for vari-
ous Arabidopsis proteasome subunits were identified by
BLAST searches of the Phytozome and NCBI databases
(blast.ncbi.nlm.nih.gov) using the Arabidopsis protein se-
quence as the query (accession numbers are provided in
supplemental Dataset 1). Orthologs were confirmed by recip-
rocal BLAST searches of the Arabidopsis protein database.
Protein sequences were then aligned using ClustalW2
(supplemental Dataset 2). Phylogeny was determined by
Bayesian estimation using the Mr.Bayes 3.1.2 program (44) with
a mixed model. Specific commands for Mr.Bayes were as fol-
lows: Iset nst = 6 rates = invgamma. Each group was run for
100,000 generations with sampling every 100 cycles for a total
of 1000 samples. The sump and sumt commands were used to
tabulate posterior probabilities of positive selection for each
amino acid site and to build consensus trees. The first 250
cycles were discarded to remove results of estimations obtained
before the process reached convergence. Trees were rooted
with obvious non-plant orthologs and were viewed and edited
using FigTree version 1.3.1.

Accession Numbers—Sequence data from this study can be
found in supplemental Dataset 2.

RESULTS

Identification of a Null Mutant for Arabidopsis PAGI—To
enrich for Arabidopsis proteasomes containing the common
CP subcomplex, we adopted a strategy first successful in yeast
that involves replacing one of the 14 CP polypeptides with a
tagged version and then exploiting the tag for rapid affinity
purification (34, 35). The most attractive candidate in Arabi-
dopsis was the a7 subunit, which is encoded by the single PAG1
gene (At2g27020) (23). The 249-amino acid PAG1 protein (27
kDa) has high sequence identity to orthologs from other plants
(Oryza sativa (84%), Zea maize (86%), Glycine max (87%),
Populus trichocarpa (91%), Physcomitrella patens (82%), and
Vitis vinifera (90%)), as well as animals (Homo sapiens (61%)
and Drosophila melanogaster (51%)) and yeast (Saccharomyces
cerevisiae (Prel0, 49%)). As part of the « ring, PAG1 does not
directly participate in proteolysis but, through its N terminus,
plays a role in gating the axial pore that guards the CP catalytic
chamber (5, 6). The crystal structure of the yeast CP shows that
the C terminus of PAG1 is solvent-exposed (45), thus allowing
us to append tags to this end potentially without perturbing CP
assembly.

As a first step in PAG1 replacement, we identified a null
mutation (pagl-1I) in the A. thaliana ecotype Col-0 T-DNA
insertion collection that interrupts the 5th intron (Fig. 1A).
Homozygous pagl-1 progeny could not be generated from a
self-crossed heterozygous parent (supplemental Table 2), indi-
cating that the a7 subunit is essential in plants as it is in yeast
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(46). We also did not detect aborted embryos in siliques from
selfed heterozygous pagl-1 plants, suggesting that the barrier
occurs early in reproduction. This barrier was pinpointed to a
defect in male gametogenesis from the analysis of reciprocal
crosses between pagl-1/+ and wild-type flowers. Whereas the
pagl-1 allele was readily transmitted through the egg, no trans-
mission was detected through pollen (supplemental Table 2).

Complementation of the pagl-1 Mutant with Epitope-tagged
PAGI—To engineer an affinity-tagged proteasome, we intro-
duced into heterozygous pagl-1 plants transgenes controlled
by the native PAG1 promoter that express the full-length PAG1
protein bearing a variety of C-terminal epitopes (e.g. FLAG,
HA, Myc, and TAP). When we tested for their ability to rescue
homozygous pagl-1 plants in selfed T, populations, we failed to
identify rescued lines using the PAGI-TAP transgene, poten-
tially because this 309-residue tag is too large to retain PAG1
functionality. Fortunately, successful rescue was achieved with
the smaller tags, FLAG, HA, and Myc, which added only 23, 23,
and 24 residues, respectively. Immunoblot analysis of these
lines with anti-PAG1 antibodies confirmed the substitutions.
Whereas a doublet of PAG1 protein could be seen in heterozy-
gous pagl-1 plants expressing the tagged PAGI transgenes,
only the higher molecular mass, tagged versions could be seen
when the pagl-1 allele was made homozygous (see Fig. 1B for
an example). pagl-1 plants rescued with either PAGI-FLAG,
PAGI-HA, or PAGI1-Myc were phenotypically indistinguish-
able from wild type when grown under normal conditions and
were fully fertile (Fig. 1C), strongly suggesting that these tagged
proteins faithfully replaced their wild-type counterpart.

Initial attempts at affinity purification suggested that the
FLAG epitope provided the most robust enrichment and was
used in all the subsequent studies. Importantly, the PAGI1-
FLAG protein successfully integrated into the 26 S proteasome
complex without perturbing CP/RP assembly. When crude
extracts from wild-type plants were subjected to glycerol gradi-
ent centrifugation, we could detect the 26 S proteasome as a
peak of peptidase activity using the substrate succinyl-Leu-Leu-
Val-Tyr-7-amido-4-methylcoumarin (26), which was sensitive
to the CP inhibitor MG132 (Fig. 1D). This activity co-sedi-
mented with known subunits of the CP and RP as judged by
immunoblot analyses with a library of anti-CP (PAG1 («7) and
PBA1 (B1)) and anti-RP antibodies (RPN1, RPN5, RPT2,
RPN10, and RPN12a) (Fig. 1E). Nearly identical sedimentation
profiles for peptidase activity and for CP and RP subunits were
observed for extracts generated with PAGI-FLAG pagl-1
plants (Fig. 1E). This co-sedimentation also included the FLAG
epitope attached to PAG1-FLAG protein.

During the glycerol gradient fractionations, we noticed that
the PAG1-FLAG protein is sensitive to post-homogenization
proteolysis, which removes over time most, if not all, of the
FLAG sequence. Tests with a variety of protease inhibitors dis-
covered that this in vitro cleavage is sensitive to the chymotryp-
sin inhibitor chymostatin and MG132 but not to many others
(Fig. 1F). Consequently, chymostatin was routinely included in
the purification protocol to minimize release of the FLAG tag.

Affinity Purification of the 26S Proteasome—Using a
homozygous PAGI-FLAG pagl-1 line, we developed a rapid
and robust protocol to enrich for the 26 S proteasome directly
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FIGURE 1. Arabidopsis PAG1 gene structure and mutant rescue. A, diagram of the single PAG1 gene encod-
ing the a7 subunit of the CP and location of the pag 1-1 T-DNA insertion. Boxes indicate exons, and lines indicate
introns. aa, amino acids. B, expression of the PAG1-FLAG protein in homozygous pagi-1 mutants. Crude
extracts from WT plants and heterozygous (=) and homozygous (—/—) pag1-1 plants expressing the PAGT-
FLAG transgene were subjected to SDS-PAGE and immunoblot analysis with antibodies against PAG1, FLAG,
and RPN5a (loading control). C, rescue of homozygous pag 1-1 plants with the PAGT-FLAG transgene. Shown are
6-week-old plants homozygous for both the pag1-1 mutation and the PAGT-FLAG transgene grown under a
long day photoperiod (16 h light/8 h dark). Bar represents 12 mm. D and E, assembly of the PAG1-FLAG protein
into proteasome complexes. Crude extracts from WT and homozygous PAGT-FLAG pag1-1 plants were frac-
tionated by glycerol gradient centrifugation and then assayed enzymatically for CP peptidase activity (D) and
for various proteasome subunits by immunoblot analysis (E). Sedimentation positions of the 26 S proteasome,
free RP, and the PA200-CP (PA-RP) complexes are indicated by the brackets. F, efficacy of protease inhibitors in
stabilizing the PAG1-FLAG protein in vitro. Crude extracts from 10-day-old homozygous PAG1-FLAG pag1-1
seedlings were incubated for 2 h at 25 °C with various protease inhibitors and then analyzed by immunoblot
analysis with anti-PAG1 antibodies. The positions of the PAG1-FLAG and PAG1 minus the FLAG tag are indi-

from PAGI-FLAG pagl-1 plants
was enriched for MG132-sensitive
peptidase activity (Fig. 2D), and for a
collection of proteasome proteins
reminiscent of that obtained by con-
ventional methods (26), including a
24-32-kDa set that encompasses
the v and B subunits of the CP and a
set between 24 and 110 kDa that
encompasses most RP subunits (Fig.
2A). Importantly, two abundant
contaminants of conventionally
purified proteasomes (tripeptidyl
peptidase-1II and fatty acid a-dioxy-
genase-1 (26, 48)) were absent in the
affinity-purified preparations. In
agreement with the need for ATP to
maintain RP-CP binding and the
sensitivity of this association to high
salt (34, 35), the abundance of the
RP subunits was substantially re-
duced if ATP was omitted from all
steps of the purification (Fig. 24), or
if proteasomes bound to the anti-
FLAG antibody resin in the pres-
ence of ATP were first washed with
high salt (800 mm NaCl) before
FLAG peptide elution (Fig. 2B).
Subsequent immunoblot analy-
ses confirmed the presence of spe-
cific subunits for both the CP and
RP (Fig. 2C). In particular, full-
length RPN10 without substantial
contamination by breakdown prod-
ucts was detected in the affinity

cated. PMSF, phenylmethylsulfonyl fluoride.

from crude seedling extracts. It involved an initial homogeni-
zation of liquid-grown seedlings in a nondenaturing buffer con-
taining chymostatin, clarification to remove cell debris, and
incubation of the soluble material with beads conjugated with
anti-FLAG antibodies. Following a wash with a low salt (25 mm
NaCl) buffer, proteasomes were competitively released from
the antibodies under gentle, nondenaturing conditions simply
by incubating the beads with an excess of the 8-amino acid
FLAG peptide (DYKDDDDK). Ten mm ATP was routinely
included in all buffers to maintain association of the RP and CP
subcomplexes (26, 47). Approximately 12 ug of proteasomes
could be isolated from 5-g fresh weight of seedlings. In total, the
procedure took ~2 h, which is substantially faster than the
2-day conventional protocol described by us previously that
involved two precipitation steps and two chromatography
steps, one of which employed a high salt elution that can release
loosely bound subunits/cofactors (26, 35).

SDS-PAGE and peptidase assays demonstrated that this sin-
gle-step affinity purification is highly effective in isolating rea-
sonably intact 26 S proteasomes. As compared with a FLAG-
peptide eluate generated with wild-type plants, that obtained
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preparations, which contrasted re-
sults from the conventional method
where most RPN10 was degraded during purification (26). In
agreement with the need for ATP to maintain 26 S proteasome
integrity, levels of the RP subunits (RPN1, RPN5, RPNI10,
RPN12a, and RPT2) but not the CP subunits (PAG1 («a7) and
PBA1 (B1)) were substantially lower when we attempted to
purify the complex without ATP (Fig. 2C).

In addition to expected CP and RP subunits, we detected
several other proteins that could represent: (i) other, yet to be
identified, components of the Arabidopsis 26 S complex based
on studies with yeast particle; (ii) assembly chaperonins; (iii)
various accessory proteins; or (iv) other complexes previously
shown (eIF3 complex) or proposed (COP9 signalosome (CSN))
to interact with the RP or CP (14, 21, 34, 35, 49-51). The uni-
dentified protein at 200 kDa (Fig. 2, A and B) was of special
interest because it matched the molecular mass of PA200, a
previously described activator of the CP in mammals (22) and
yeast (Blm10 (21, 52)). Its identity as PA200 was subsequently
confirmed using antibodies generated against a portion of the
1781-residue Arabidopsis protein (Fig. 2C). The abundance of
PA200 in the affinity preparations was unaffected by omitting
ATP during the purification, implying that its association with
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FIGURE 2. Affinity purification of proteasomes from PAG1-FLAG pag1-1 plants. A, SDS-PAGE analysis of the
affinity purification steps. Total protein extracted from 10-day-old WT and PAG1-FLAG pag -1 plants was incu-
bated with anti-FLAG affinity resin, washed, and competitively eluted with the FLAG peptide. The procedure
was performed in the presence or absence of ATP. The input, unbound, washed, and eluted fractions were
subjected to SDS-PAGE, and the gel was stained for protein with silver. The arrow and closed arrowhead locate
the PA200 and the PAG1-FLAG proteins, respectively. The open arrowhead identifies nitrilase, which is nonspe-
cifically enriched during the purification. B, salt dissociation of the 26 S proteasome into the RP and CP sub-
complexes. 26 S proteasomes were bound to the anti-FLAG resin in the presence of ATP and either eluted with
the FLAG peptide or first eluted with 800 mm NaCl, followed by elution with the FLAG peptide. The brackets
locate subunits of the CP and RP subcomplexes. The arrow indicates PA200. C,immunoblot detection of various
proteasome subunits in the affinity-purified preparations shown in A. Subunits tested include the CP subunits
PAG1 and PBA1, and the RP subunits RPT2, RPN1, RPN5, RPN10, and RPN12a. Other proteins tested include
PA200, the CSN4 and CSN5 subunits of the CSN complex, the elF3-e subunit of the elF3 complex, HSC70,
Rubisco small subunit, and nitrilase (NIT1). D, peptidase activity of affinity-purified proteasomes. Peptidase
activity in the presence or absence of MG132 was measured in the crude extract (Cr), and in preparations
purified in the presence of ATP, using the substrate succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin.

the second dimension demon-
strated that the collection of CP and
RP proteins assembled into their
respective subcomplexes (Fig. 3, A
and B). In addition, several forms of
the 26S proteasome containing
both CP and RP were evident. The
fastest mobility form likely repre-
sented the CP capped by one RP,
whereas the middle form likely rep-
resented a CP doubly capped with
RP. The slowest migrating form is
unknown; intriguingly, it could rep-
resent the doubly capped RP-CP
complex assembled with a host of
other factors as seen for the yeast
complex (35). We also detected a
new complex of slightly slower
mobility as compared with the CP.
Subsequent immunoblot analysis
with anti-PA200 antibodies and
SDS-PAGE in the second dimen-
sion revealed that it consists of the
CP capped by only PA200 and no RP
subunits, and thus it represents a
heretofore unknown proteasome
type in plants (Fig. 3, A and B).
Subunit Composition of Arabi-
dopsis 26 S Proteasomes Defined by
MS—We comprehensively deter-
mined the subunit composition of

Activities were normalized to total protein concentration.

the CP is ATP-independent (Fig. 2C). Conversely, immuno-
blotting with antibodies against two eIF3 subunits (eIF3-b and
elF3-e) failed to detect this complex in our affinity preparations
even though these proteins could be readily seen in crude Ara-
bidopsis extracts (Fig. 2C and data not shown). Likewise, we
failed to detect CSN4 or CSN5 in the affinity preparations,
strongly suggesting that the eight-subunit CSN complex evolu-
tionarily related to the RP lid does not form a CP-RP(base)-CSN
particle by replacing the lid as proposed (51).

Experiments with wild-type plants indicated that our affinity
method also enriched for several proteins nonspecifically
(supplemental Table 3). One substantial contaminant at 38 kDa
matched the mass of nitrilase, previously shown by us to stick to
agarose beads, possibly via its avidity for the aliphatic nitrile
groups used to cross-link the resin (40). Its confirmation as
nitrilase was subsequently provided by both immunoblot anal-
ysis with anti-nitrilase antibodies and by MS/MS sequencing of
preparations from both wild-type and PAGI-FLAG pagl-1
plants (Fig. 2C and supplemental Table 3). HSC70 and Rubisco
were also confirmed as contaminants of the affinity procedure
by MS and by overexposure of immunoblots prepared with
wild-type and PAGI-FLAG pagl-1 samples and probed with
anti-HSC70 and anti-Rubisco large subunit antibodies.

Native PAGE of the affinity preparations followed by immu-
noblot analyses of representative subunits or by SDS-PAGE in
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the affinity-purified proteasomes

using a variety of MS/MS tech-
niques and spectrometers, with a special focus on the presence
of the various subunit isoforms and their possible post-transla-
tional modifications. The deepest dataset was generated by in-
solution trypsinization of unfractionated samples followed by
analysis with an LTQ-Orbitrap Velos mass spectrometer using
HCD for peptide fragmentation. For a second approach, we
separated the polypeptides by SDS-PAGE followed by in-gel
trypsinization of gel slices, and we analyzed the peptides with an
LCQ-deca XPplus ion-trap mass spectrometer using CID for
peptide fragmentation. As a third approach, we digested the
polypeptides with LysC in-solution and detected the peptides
with the Orbitrap mass spectrometer using ETD for peptide
fragmentation. False-positive peptide spectrum matches to the
Arabidopsis proteome were eliminated upon filtering the data
to maintain a false discovery rate below 1%. We also purged
proteins identified from wild-type seedlings subjected to the
same affinity protocol (e.g. nitrilase, the small and large sub-
units of Rubisco, and HSC70 (supplemental Table 3)), which
presumably bound nonspecifically to the anti-FLAG antibody
beads. The combined results for expected RP and CP subunits
are summarized in Table 1. Taken together, we confirmed the
complete subunit composition of the “core” Arabidopsis 26 S
proteasome, which includes all 7 « (PAA-PAG) and all 7 B
(PBA-PBQG) subunits of the CP, all 6 RPT subunits, and 11 of the
RPN subunits (RPN1-3, RPN5-12, the exception being
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RPN13). The MS/MS dataset yielded remarkable sequence cov-
erage for most subunits (42—-100%), with a 74% average for all 53
polypeptides (Table 1).

In addition to high sequence coverage, a large number of
unique peptides allowed unambiguous identification of nearly
every subunit paralog predicted by genome annotations (23, 24,
26, 30, 53). Of the 22 subunits potentially expressed by two
Arabidopsis genes, we matched specific peptides to both pre-
dicted isoforms for all but the following three: PAC2(a3),
RPT1b, and RPN12b (Table 1). The predicted amino acid
sequence for PAC2 is highly divergent from that for PAC1. The
C-terminal regions of this pair are co-linear but the N-terminal
region for PAC2 contains a large insertion of unrelated
sequence. The expressed sequence tags for PAC2 only match
this insertion, suggesting that the bulk of the locus is not tran-
scribed. Together with the absence of PAC2 protein in the puri-
fied 26 S complex, it is highly likely that the PAC2 locus is a
pseudogene. The RPN12b locus encodes a substantially trun-
cated protein as compared with RPN12a and lacks expression
support (30). Our failure to unambiguously find the RPN12b
protein strongly supports the conclusion that this locus is also a
pseudogene. We failed to identify the RPT1b isoform but
readily detected its paralog RPT1a. Expressed sequence tag data
estimate that the RPT1b gene is expressed at a much lower level
than RPT1a (5 versus 141 expressed sequence tags (Table 1)).
Combined with its low amino acid identity to RPT1a (81%),
which is eclipsed only by PAC1/2 and RPN12a/b among 22
proteasome protein pairs in Arabidopsis, it is possible that
RPTIb is also a pseudogene or, more intriguingly, that it is
expressed only under specific conditions.

Post-translational Modifications of 26 S Proteasome Sub-
units—Studies with yeast and mammalian 26 S proteasomes
and preliminary analysis of the rice complex showed that a
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FIGURE 3. Separation of the various proteasome complexes by native PAGE. A, proteasomes affinity-
purified from PAGT-FLAG pag1-1 plants were fractioned by native PAGE in the presence of ATP. Gels were either
stained for total protein with silver (Protein) or subjected toimmunoblot analysis with antibodies against RPN5,
RPN10, PBA1, and PA200 (PA). Migration of the CP, the PA-CP complex, the RP, and singly and doubly capped
26 S proteasomes (26 S-1Cand 26 S-2C) are indicated. The ?identifies a larger complex that could represent the
core 26 S proteasome associated with additional factors. B, proteasomes separated as in A and then subjected
to denaturing SDS-PAGE in the second dimension. A representative native PAGE separation is provided above
to help orient the complexes. PA200 and the collection of subunits from the RP and CP subcomplexes are

number of core subunits are or may
be affected by various post-trans-
lational modifications, including
proteolytic processing, acetylation
(N-terminal and side chain), myris-
toylation, and phosphorylation,
which may affect their assembly,
localization, and/or activity (25,
54-59). In addition, at least one
26 S proteasome subunit (RPN1)
may be modified by Ub from the
global MS analysis of Arabidopsis
ubiquitylated proteins (40, 41).
Here, we exploited our deep se-
quence coverage to interrogate
more thoroughly the entire Arabi-
dopsis proteasome population for
such modifications.

Like subunits of yeast and animal
26 S proteasomes (54, 55), a number
of Arabidopsis subunits are N-
acetylated. Of the 53 proteins that
compose the core complex, we
detected peptides at or close to the
predicted initiator methionine for
19. Of these 19, 2 contained an unmodified N-terminal methi-
onine (RPT1a and RPN11); 10 had an acetylated N-terminal
methionine, and 7 began with the immediately distal residue
(alanine or glycine), which was presumably exposed upon pro-
teolytic removal of the N-terminal methionine (supple-
mental Table 4). We did not find any nonacetylated versions for
the 10 subunits beginning with an N-acetylated methionine,
suggesting that this modification is comprehensive. Several
subunits were also found to be acetylated on internal residues
(PAGL, PAE2, RPN1a, RPT1a, and RPT5a (Table 2)).

Our MS/MS dataset was searched for phosphoryl and myr-
istoyl additions using SEQUEST. Unfortunately, no peptides
with supra-threshold values for phosphorylated amino acids
were detected. Nor were myristoylated residues identified
despite reports that the plant RPT2 subunit bears this modifi-
cation (25, 60).

Based on studies with the yeast 26 S proteasome, one essen-
tial post-translational modification is proteolytic processing at
the N terminus of the 81, 82, and B85 subunits (PBA1, PBB1/2,
and PBE1/2 in Arabidopsis, respectively). This autocatalytic
cleavage occurs during CP assembly and exposes an interior
threonine whose a-amino group acts as the nucleophile during
peptide bond hydrolysis (61). A search of our MS/MS dataset
for PBA1 and PBB1/2 identified peptides that reflect this pro-
cessing in Arabidopsis. In particular, peptides beginning with
the expected Thr-13 and Thr-47 residues, respectively (resi-
dues 13-31 for PBA1 and 38 —58 for PBB1/2), were found in the
affinity-purified proteasomes subjected to trypsinization, with
no peptides detected for the upstream region (Fig. 4, A—C, and
supplemental Fig. 1, A-C).

A similar processing likely occurs for PBE1/2. We failed to
detect the tryptic peptides that would reflect this cleavage
proximal to Thr-57 (residues 57— 66). However, processing

A200
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TABLE 1
MS/MS analysis of core subunits from affinity-purified Arabidopsis 26 S proteasomes
20S Core Protease (CP) . — PecPf'de# # Total _ Sequence
(1] rm . H o,

Protein Locus ESTs? Identityb ss:egiﬁc Ambiguous Peptides Coverage (%)
PAA1 At59g35590 130 |o, HH 15 12 270 78
PAA2 At29g05840 73 23 35 | 97
PAB1 At1g16470 77 |8 7 24 31 91
PAB2 At1g79210 55 2 26 | 89
PAC1 At3g22110 110 z"ﬁl 29 ) 29 87
PAC2  At4g15160 65 0 0 0

Alpha [PAD1 At3g51260 165 |0, 11 29 40 | 96
PAD2  At5g66140 114 9 38 | 96
PAE1 At1g53850 52 |qg m" 5 26 3Tl 86
PAE2 At3g14290 79 2 28 | 86
PAF1 At5g42790 126 |, 14 27 410l 100
PAF2 At1g47250 34 7 34 93
PAG1 At2g27020 96 34 34 77
PBA1 At4g31300 111 24 24 85
PBB1 At3g27430 153 (oo 3 13 16 61
PBB2 At59g40580 37 7 20/ 55
PBC1 At19g21720 69 |96 5 12 17 68
PBC2 At1g77440 62 3 15 71

Beta [PBD1  At3g22630 67 |o HH 12 10 22 83
PBD2 At4g14800 112 11 21! 98

21 81
PBE1 At1g13060 109 97 m 6 15 |

PBE2 At3g26340 32 2 17 62
PBF1 At3g60820 141 33 33l 85
PBG1 At1g56450 96 23 23 72
19S Regulatory Particle (RP)
RPT1a At1g53750 141 [, ““ 59 8 67 H 95
RPT1b  At1g53780 5 0 0 0
RPT2a At4g29040 91 [g9 ”M] 10 48 58 H 80
RPT2b  At2g20140 57 1 49 | 75
RPT3 At5958290 147 50 50 H 95
RPT4a At5g43010 45 o6 13 42 55 | 91
RPT [RPT4b  At1g45000 144 12 54 | 91
RPT5a At3g05530 184 [, 30 30 60 H 94
RPT5b  At1g09100 43 9 39l 67
RPT6a At5g19990 144 oo 11 52 63 H 95
RPT6b  At59g20000 88 9 61 | 94
RPN1a At2g20580 127 [g0 63 30 93 | |87
RPN1b  At4g28470 27 38 68 H 76
RPN2a At2¢g32730 75 |99 19 26 45 M 54
RPN2b  At1g04810 34 31 57 | 66
RPN3a At19g20200 83 |9, 34 24 58 I 81
RPN3b  At1g75990 23 17 41 1l 66
RPN5a At5g09900 81 g, 44 21 58 H 90
RPN5b  At5g64760 18 16 41 1l 70
RPN6 At1g29150 177 43 43 Ml 72
RPN [rpn7 At4g24820 169 32 32l 69
RPN8a At5g05780 155 oo 16 13 29 | 83
RPN8b  At3g11270 15 5 18 69
RPN9a At5945620 67 g5 15 11 26 | 51
RPN9b  At4g19006 49 16 27 54
RPN10  At4g38630 109 25 25 42
RPN11  At5g23540 157 36 36 83
RPN12a At19g64520 159 |, “ 29 3 32l 96
RPN12b At5g42040 0 0 0 0

“ Number of expressed sequence tags (ESTs) as of October, 2009.

b Percent amino acid identity that was between the full-length protein sequences.

¢ Unique peptides that were identified in the MS/MS dataset.

@ Total number of unique peptides that were identified in the MS/MS dataset.

¢ Coverage for the PBA1, PBB1/2, and PBE1/2 subunits was calculated based on the sequence of the mature processed protein.
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TABLE 2
Ubiquitylation of Arabidopsis 26 S proteasome subunits

Total®
Protein AGI Pept Xcorr® Sequence® Modifications®
Ubiquitylated Subunits with a Canonical Ub Footprint®
PAC1 At3g22110 7 8.12 LYQVEYAMEAIGNAGSAIGILSk*DGVVLIGEk N-t(Ac), K40(GlyGly)
PAF1 At5g42790 1 5.27 SRSHVVLACVNK*AQSELSSHQr C48(Cb), K51(GlyGly), C-t(Me)
PAE1/2 At1g53850/ At3g14290 13 7.08 AIGSGSEGADSSLQEQFNK*DITLQEAETIAVSILK  K185(GlyGly)
2 6.32 iTSPLLEPSSVEK*IMEIDDHIGCAMSGLIADAR N-t(Ac), K66(GlyGly), C76(Cb)
RPN1a At2g20580 103 8.91 HNAETEAVDLLMDVEDLDLLLEHVDK*NFK K218(GlyGly), T219(Ac)
RPN2a/b  At1g04810/ At2g32730 2 5.14 IDK*LEEAIIK N-t(Ac), K166(GlyGly)
RPN6 At1g29150 11 8.44 IDDK*LLLVDIDLLESKLHFSLR N-t(Ac), K160(GlyGly)
7 5.54 IDDk*LLLVDIDLLESK N-t(Ac), K160(GlyGly)
RPN11 At5g23540 1 6.92 fDTHSK*TNEQTVQEMLSLAAK N-t(Ac), K238(GlyGly)
RPT1a At1g53750 4 5.82 kTVTEkK*DFLDAVNK N-t(Ac), K400(GlyGly)
RPT4a At5g43010 2 6.04 alASNIDANFLk*VVSSAIIDKYIGESAR N-t(Ac), K203(GlyGly)
Ubiquitylated Subunits with a Non-Canonical Ub Footprint®
PAG1 At2g27020 63 8.46 LHDEAKDKAFELEMsWICEESk* S214(Ac), C217(Cb), K221(GlyGly)
5 6.63 DKAFELEMSWICEEsk* C217(Cb), S220(Ac), K221(GlyGly)
RPT5a At3g05530 8 5.75 EKAPCIIFIDEIDAIGtk* C266(Cb), T278(Ac), K279(GlyGly)
3 7.26 DATEVNHEDFNEGIIQVQAKkk* K410(GlyGly), C-t(Me)

“ Total peptides reflect the total number of times the modified peptide was identified in MS/MS data.

® Xcorr stringency values were calculated by SEQUEST.

¢ Lowercase letters indicate the amino acids modified by ubiquitylation, acetylation (Ac), methylation (Me), or cysteine carbamidomethylation (Cb). Asterisks locate lysine
residues containing the signature Gly-Gly Ub footprint for ubiquitylation. N-t, N terminus, and C-t, C terminus.

“ Canonical Ub footprint was defined as a lysine with an additional 7/z of 114 that was not cleaved by trypsin (40).

¢ Non-canonical Ub footprint was defined as a lysine with an additional #/z of 114 that was at the end of the peptide following a trypsin cleavage site (42).

was supported indirectly by the absence of expected peptides
upstream of Thr-57 in the PBE1/2 proteins despite extensive
sequence coverage of the proteins downstream of this site
(64/49% coverage of total sequences or 81%/62% if pro-
cessed) (supplemental Fig. 1, D and E). Our preliminary cat-
alog of tryptic peptides from PBGI suggests that it is pro-
cessed to reveal an N-terminal threonine (Thr-23); this
processing is seven residues upstream of the expected posi-
tion for an active-site threonine and may or may not gener-
ate an active peptidase.

Confirmation of B1 N-terminal processing in Arabidopsis
was provided by examining the PBA1 protein in plants treated
with MG132, which should block this proteolytic maturation
(61). Whereas only processed PBA1 was detected immunolog-
ically in wild-type plants, a second higher molecular mass form
was apparent upon MGI132 treatment that matched the
expected size of unprocessed PBA1 (23 versus 25 kDa) (Fig. 4D).

Surprisingly, ubiquitylation was the most prevalent modifi-
cation we found in the affinity-purified proteasomes. Ub addi-
tion was detected by its signature tryptic footprint where the
target lysine is increased in mass by an isopeptide-linked digly-
cine derived from the C terminus of Ub (+114 kDa). In most
cases, this lysine is immune to trypsin cleavage and thus inter-
nal in the peptide (canonical) (40, 41), but in some cases, such
cleavage can occur to expose the ubiquitylated lysine at the C
terminus (noncanonical) (42). Eleven of the 53 Arabidopsis sub-
units contained a peptide with a high probability Ub footprint
(residue of 242.1 m/z), nine of the canonical type and two of the
noncanonical type (Table 2). The strongest evidence for ubig-
uitylation was generated for RPN1a; in addition to the unmod-
ified tryptic peptide spanning residues 192-223, we found the
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same peptide bearing a canonical Ub footprint at Lys-218,
which was abundant in our MS/MS dataset (Fig. 5C). In con-
trast, Ub footprints were not detected on any RPN1b peptides
despite 76% coverage of its sequence, suggesting that the mod-
ification is restricted to the a isoform. Our list of ubiquitylated
subunits also included three subunits of the RPT ring,
RPN2a/b, RPN6, and four CP « subunits, including PAG1-
FLAG. Some, but not all, of the comparable yeast subunits were
also reported to be ubiquitylated from a global analysis of this
modification (41).

Further evidence for subunit ubiquitylation was provided by
immunoblot analysis of the affinity-purified preparations with
anti-Ub antibodies. In addition to trace amounts of Ub trimers
and tetramers, and a smear of high molecular mass polyubiqui-
tylated proteins that presumably co-purified with the 26 S pro-
teasome via their association with Ub receptors, we detected
two prominent species at 115 and 100 kDa (Fig. 5A4). Both their
apparent molecular masses and their presence in proteasomes
affinity-purified in the presence of ATP but not in the absence
strongly suggested that they represent ubiquitylated forms of
RPN1a and RPN2a/b (Fig. 5A). The lower molecular mass form
was assigned to an RPN1 isoform by probing the SDS-poly-
acrylamide gels with both anti-Ub and anti-RPN1a antibodies;
a 100-kDa species of similar electrophoretic mobility was
detected with both antibodies (Fig. 5B). Because the ubiquity-
lated form of RPN1a should be ~9-kDa larger in mass, this
co-migration indicated that either most of the RPN1la pool
associated with the Arabidopsis 26 S proteasome is modified
with Ub or that the appended Ub moiety does not change its
electrophoretic mobility.
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FIGURE 4. N-terminal processing of the CP 31 subunit PBA1. A, amino acid
sequence coverage by MS/MS of PBA1 present in proteasomes affinity-puri-
fied from PAGIT-FLAG pagl-1 plants. The uppercase residues signify those
assigned to specific tryptic peptides (85% coverage for the initial translation
product). Lowercase italic residues signify regions not identified in the pep-
tide sequences. Arrowhead locates the most N-terminal residue identified.
B, amino acid sequence alignment of the N-terminal region of 81 subunits
from A. thaliana (At PBA1), H. sapiens (Hs PSB5), and S. cerevisiae (Sc Pre3).
Identical and similar amino acids are show in the black and gray boxes, respec-
tively. Dots denote gaps. The arrowhead marks the N-terminal Thr active site.
The bracket locates the most N-terminal peptide identified by MS from
trypsinized At PBA1. C, MS/MS spectrum of the N-terminal peptide of PBA1
(residues 13-31) identified by the bracket in B. Parent peptide MH* = 1894.1
with an Xcorr score of 4.59. The locations of signature b and y ions are indi-
cated along with the calculated peptide sequence. D, unprocessed PBA1
accumulates in Arabidopsis seedlings treated with MG132. Crude extracts
were prepared from wild-type plants with or without a 30-h exposure to 100
M MG132 and then immunoblotted with anti-PBA1 or anti-histone 3 (H3)
antibodies (loading control). The open and closed arrowheads identify the
unprocessed and mature forms of PBA1, respectively.

Sequence alignments of RPN1a and RPN2a/b revealed that
the ubiquitylated lysines are positionally conserved in the a but
not the b isoforms of RPN1 (Lys-218) and in both isoforms of
RPN2a/b (Lys-165) for all plants examined (except the alga
Chlamydomonas reinhardtii), but substituted for a variety of
amino acids in non-plant species (Fig. 5, E and F). Such limited
distributions imply that the ubiquitylation of RPN1 and RPN2
at these sites is restricted to the plant kingdom. When the ubiq-
uitylation sites for the a subunits were mapped onto the three-
dimensional structure of the yeast CP (45), those for PAE1/2
and PAF1 were found to be solvent-exposed and thus accessible
to the Ub ligation machinery, whereas those for PAC1 and
PAG1 were near the external surface but buried. In the absence
of an RP structure, the accessibility of the ubiquitylation sites
for the RP subunits is unclear.

VoSN
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Identification of Proteasome-associated Proteins—In addi-
tion to core RP and CP subunits, we detected a number of
proteasome-interacting proteins in our MS/MS dataset
(supplemental Table 5). These include Ub, the assembly chap-
erone PBAC2 (Pba2 in yeast), the accessory factor DSS1/RPN15
(Sem1 in yeast), the UPB16 de-ubiquitylating enzyme (Ubp8/
Usp42 in yeast/humans), and the CP activator PA200, which
was also detected immunologically (Figs. 1D and 2C). A collec-
tion of proteins unique to plants was also present in the dataset.
Confirmation that they actually associate specifically with Ara-
bidopsis proteasomes is underway.

In a previous study, we detected immunologically in our pro-
teasome preparations members of the RAD23 and DSK2 fam-
ily, which transiently interact with the 26 S proteasome and
serve as shuttles to deliver ubiquitylated substrates (18). How-
ever, none of these shuttle proteins was detected here by MS,
suggesting that they interact at substoichiometric levels with
the complex. We also failed to positively identify several pro-
teasome-associated proteins first identified in yeast, including
the Ub receptor RPN13, UBP6, UPL7 (yeast Hul5), and ECM29
(2, 17), even through genes encoding obvious orthologs are
present in Arabidopsis. The absence of these proteins in the
MS/MS dataset implies that either their interactions are too
weak to even survive the mild isolation conditions used here,
the bound forms of the proteins are present at very low levels, or
that they do not interact with the Arabidopsis particle. Neither
searches of our MS/MS dataset nor BLAST analysis of the Ara-
bidopsis genome found obvious orthologs of the « or B subunits
comprising the mammalian heterohexameric PA26/11S regu-
lator (19), suggesting that plants do not use this alternative RP
in proteasomal control.

Genetic Analysis of PA200 in Arabidopsis—The most intrigu-
ing proteasome-interacting protein was PA200, given our
detection of the PA200-CP complex by native PAGE in the
affinity-purified preparations or even following glycerol gradi-
ent centrifugation of crude Arabidopsis extracts (Figs. 3 and 1C)
and the fact that it could represent an alternative proteasome
in plants. The mammalian and yeast versions stimulate the
peptidase activity of the CP, likely by opening the gate, and
may participate in the Ub-independent degradation (17, 20,
22). Arabidopsis PA200 shares only 22% amino acid
sequence identity with both its yeast and human counter-
parts but can be easily recognized by the organization of
HEAT repeats, which help form its signature solenoid struc-
ture (Fig. 6A) (20-22).

To better understand the functions of PA200 in plants, we
developed a collection of T-DNA insertion mutants that
potentially block expression of the single Arabidopsis PA200
gene (Fig. 64). Both RT-PCR and immunoblot analysis with
anti-PA200 antibodies documented that two of the mutants
pa200-2 and pa200-3 failed to accumulate both the full-
length PA200 mRNA and protein and thus likely represent
null alleles (Fig. 6, B and C).

Surprisingly, the pa200 mutants were phenotypically indis-
tinguishable to wild type under a variety of growth conditions,
indicating that this activator is not essential in Arabidopsis (Fig.
6, D and E). These conditions included darkness, short and long
day photoperiods, continuous red or far-red light, exposure to
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FIGURE 5. RPN1a and RPN2 assembled into the 26 S proteasome are ubiquitylated. A, extracts from

10-day-old WT and PAGT1-FLAG pagi-1 plants were subjected to the affinity p

somes in the presence or absence of ATP (see Fig. 2A). The input and eluted fractions were subjected to
SDS-PAGE and immunoblot analysis with anti-Ub antibodies. Arrowheads identify poly-Ub trimers and tetram-
ers and the approximate migration position of RPN1 and RPN2. B, co-migration of RPN1 with a ubiquitylated

species in affinity-purified proteasomes. Adjacent gel lanes were subjected

anti-Ub or anti-RPN1 antibodies. The arrowheads identify RPN1 and the approximate migration positions of
RPN2. C, ESI-MS/MS spectrum of a tryptic peptide from RPN1a (MH™ = 3636.78 m/z) that contains a Gly-Gly

footprint derived from Ub attached to Lys-218. D, ESI-MS/MS spectrum of a

(MH* = 1327.80 m/2) that contains a Gly-Gly footprint derived from Ub attached to Lys-165. E and F, amino acid
sequence comparison of RPN1 (£) and RPN2 (F) from various eukaryotes at the region surrounding the ubig-
uitylation sites identified in the Arabidopsis proteins. Identical and similar residues are shown in black and gray

boxes, respectively. Dots denote gaps. A. thaliana, At; A. lyrata, Al; G. max, Gm;

Sorghum bicolor, Sb; Brachypodium distachyon Bd; S. moellendorffii, Sm; C. reinhardtii, Cr; P. patens, Pp; Caenorh-
abditis elegans, Ce; D. melanogaster, Dm; and S. cerevisiae, Sc. The bracket locates the ubiquitylated peptide
detected by ESI-MS/MS with the asterisk marking the Lys containing the Ub footprint (Gly-Gly). The vertical line

identifies sequences containing the conserved ubiquitylated Lys.

MG132, which should block CP activity, and growth in the
presence of amino acid analogs, which should increase the
abundance of abnormal proteins that require proteasomal
removal (53). The levels of Ub, free poly-Ub chains, and Ub-
protein conjugates were also unaffected in the pa200 back-
grounds (x*MG132) as compared with wild type, suggesting
that the PA200-CP complex works independently of ubiquity-
lation (Fig. 6F). Whereas yeast blmI0 mutants are modestly
hypersensitive to the DNA-damaging agent bleomycin (21),
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bility some pairs have subfunction-
alized to generate distinct 26 S
proteasome types. Recent analyses
of RPN1a/b, RPN5a/b, and RPT2a/b
support such nonredundancy by
showing that the subunits pairs have
unique expression patterns and pos-
sibly both common and nonover-
lapping activities (13, 27, 29, 31, 32).
As a further test, we examined
phylogenetically how several CP
and RP paralogs evolved with the
prediction that the earlier these
duplicates appeared during plant
evolution and the more they were retained in the different plant
lineages, the more likely it would be that the paralogs acquired
distinct functions. Our analyses included CP (PAA1/2) and RP
(RPN1a/b, RPN2a/b, RPT1a/b) protein pairs from a number of
eudicots (including A. thaliana and Arabidopsis lyrata), mono-
cots, the lower plants Selaginella moellendorffii and P. patens,
and the alga C. reinhardtii. The phylogenetic trees were deter-
mined via Bayesian estimation and were rooted with obvious
non-plant orthologs (Fig. 7 and supplemental Fig. 2).

urification method for protea-

to immunoblot analysis with

tryptic peptide from RPN2a/b

P. trichocarpa, Pt; O. sativa, Os;
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FIGURE 6. Molecular and genetic analyses of Arabidopsis PA200. A, diagram of the Arabidopsis PA200 gene. Yellow and white boxes denote coding and
3’-untranslated region exons, respectively. Lines show introns. Coding regions for the HEAT repeats and nuclear localization signal (NLS) are in blue and green,
respectively. T-DNA insertion sites for the pa200-1-6 mutants are shown in red. Arrows locate the positions of the primers used for RT-PCR analysis in B. aa,
amino acids. B, RT-PCR analysis of 2-week-old pa200-2 and pa200-3 seedlings. Total RNA isolated from WT and mutant seedlings was subjected to RT-PCR using
the PA200 primers located by the arrows in A. A primer pair specific to PAE2 was used as an internal control. G, immunoblot analyses of total protein from
1-week-old WT and pa200-2 and pa200-3 mutant seedlings with anti-PA200 and anti-UBC1 (loading control) antibodies. D, 10-day-old etiolated pa200-2 and
pa200-3 seedling as compared with WT and rpn12a-1 seedlings. E, 12-day-old green WT, pa200-2, pa200-3, and rpn12a-1 seedlings grown under a long-day
photoperiod (16 h light/8 h dark). F, immunoblot analysis of Ub-conjugate levels. Seedlings were either treated with DMSO or 100 um MG132 dissolved in
DMSO. Equivalent amounts of total protein were subjected to SDS-PAGE and immunoblotted with anti-Ub antibodies and confirmed by probing with
anti-histone 3 (H3) antibodies. Arrowheads indicated free Ub, Ub dimers, trimers, and tetramers. The bracket indicates Ub conjugates. G, increased PA200
protein levels in response to proteasome inhibition. Four-day-old WT, pa200-2, and rpni2a-1 seedlings were treated for 30 h with DMSO or 100 um MG132
dissolved in DMSO. Equivalent amounts of total protein were subjected to SDS-PAGE and immunoblotted with antibodies against PA200, RPN5a, RPN12a,
RPT2a, and PBA1, and HSP70 (loading control). The open and closed arrowheads identify the unprocessed and mature forms of PBA1, respectively. H, PAG1-
FLAG affinity purification of proteasomes from 10-day-old seedlings treated with or without 100 um MG132 for 30 h. The arrowhead locates PA200, the identity

of which was confirmed by MS/MS analysis of the excised gel slice.

Comparisons of the trees revealed that the duplication of the
plant CP and RP genes likely occurred not in a common ances-
tor but at different times during plant evolution, depending on
the lineage branch. Overall, the protein pairs grouped accord-
ing to the main plant lineages (eudicot, monocot, lower plant,
and alga). By and large, the eudicot proteins clustered with their
species paralog and separate from the orthologous pair in other
eudicots, implying that each pair arose separately by relatively
recent species-specific duplication events. Likely causes were
the whole scale genome duplications seen for many plant spe-
cies such as A. thaliana (62). In contrast, individuals from the
monocot pairs commonly clustered with orthologs from other
monocots and not with their paralogs, implying that these pairs
appeared early during monocot evolution and were retained as
the modern genomes developed. The only deviation from this
pattern was RPT1, where the RPT1b isoform in both A. thali-
ana and A. lyrata formed a separate subclade away from the
other eudicot and monocot sequences (Fig. 7B). Assuming that
the RPT1b locus is a pseudogene in both A. thaliana and A.
lyrata, this distinct subclade likely reflects the diminished pres-
sure to conserve coding sequence after gene inactivation.

Taken together, it appears unlikely that plants share a com-
mon set of proteasome subunit isoforms, strongly suggesting
that if isoform-specific functions do exist, they are not shared
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among all plants. Furthermore, the more recent evolutionary
origins of the eudicot paralogs, as compared with those in
monocots, imply that any nonredundant functions that do exist
in eudicots should be species-specific.

DISCUSSION

Given its central position within the Ub/26 S proteasome
system, the 26 S proteasome assumes a major role in the selec-
tive removal of both aberrant polypeptides and important short
lived regulators. Based on estimates that plants such as Arabi-
dopsis express >1000 different Ub-protein ligases that ubiqui-
tylate an equal or greater number of targets (1, 3), it is expected
that this self-compartmentalized protease is uniquely designed
to operate with high selectivity for the appended Ub moiety but
with low specificity for the sequence of the modified target. To
provide insights into the organization and functions of the plant
26 S proteasome, we present here a comprehensive description
of the particle from young Arabidopsis seedlings, using a robust
affinity method for its isolation. MS and biochemical analyses
of the resulting preparations revealed that plants actually
assemble a heterogeneous collection of proteasomes that may
play important roles in handling the myriad of potential targets
that are committed by both Ub-dependent and -independent
mechanisms.
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FIGURE 7. Phylogenetic analysis of the proteasome subunits RPN2 (A)
and RPT1 (B). Bayesian phylogenetic analyses were performed using protein
sequences from A. thaliana (At), A. lyrata (Al), G. max (Gm), P. trichocarpa (Pt), O.
sativa (Os), S. bicolor (Sb), B. distachyon (Bd), S. moellendorffii (Sm), C. reinhardtii
(Cr), P. patens (Pp), C. elegans (Ce), D. melanogaster (Dm), H. sapiens (Hs), and S.
cerevisiae (Sc). Eudicot- and monocot-specific subclades are highlighted by
the shaded boxes. The unique At/Al subclade for RPT1b is also highlighted.
Posterior probabilities were calculated from 1000 generations, and values are
indicated at each branch node. Trees were rooted with obvious non-plant
orthologs. The scale bar represents the average number of substitutions per
site.

Central to our affinity method was the genetic replacement
of a CP subunit with an affinity-tagged variant followed by the
use of a single, mild chromatography step based on the tag to
rapidly isolate the complex directly from crude extracts. For
simplicity, we focused on the PAG1 subunit given that it is
encoded by a single Arabidopsis gene. In theory, many other
subunits should also be amenable if they can be engineered with
solvent-exposed tags.

Like various subunits of the Arabidopsis RP lid and base (13,
27-29, 31), our genetic analysis of PAG1 revealed that the CP is
also essential in Arabidopsis. Interestingly, a common theme of
these CP and RP mutants is that they block male but not female
gametogenesis. This block could reflect a special role for the
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26 S proteasome during male meiosis as seen in an Arabidopsis
deletion of the pollen-specific E3 component UBL17 (63), or
more likely, it could reflect the unique development program
that delivers the sperm cells to the ovule during fertilization.
Although haploid egg cells missing proteasome subunits may
still have sufficient levels of the 26 S proteasome provided by
the maternal diploid megasporocyte, the extensive growth of
the haploid pollen tube cell as it delivers the two sperm cells
may eventually dilute proteasome levels below a viable
threshold.

Here, we affinity-captured proteolytic complexes sharing the
CP subunit PAG1, using young Arabidopsis seedlings as the
source. MS/MS analyses revealed that all but three of the poten-
tial subunit paralogs based on the Arabidopsis genome are
incorporated into the particle assembled in this tissue, except
for the predicted products from the PAC2, RPN12b, and RPT1b
loci. Consequently, we provide further support for the proposal
that plants actually contain a large array of compositionally
distinct proteasomes (26). They could be assembled at random
to generate a wide assortment of subtly different particles or
could be deliberately constructed by integrating together spe-
cific isoforms to create a more defined subset. Such deliberate
matching could imply that functionally unique plant protea-
somes exist. Such a scenario is exemplified by the mammalian
immunoproteasome, which replaces the 81, 2, and 35 cata-
lytic subunits of the CP with specialized isoforms that release
peptides more suitable for antigen presentation (64). Work is
now underway to test this possibility by affinity-purifying pro-
teasomes containing tags appended to specific isoforms of indi-
vidual CP and RP subunits.

Phylogenetic analyses of the 26 S proteasome within the
plant kingdom strongly suggest that the various paralogs arose
not from a common ancestor but were generated by multiple
independent duplications in the various plant lineages. In par-
ticular, we predict that the monocot isoforms arose by genome
duplication(s) in a common ancestor after the eudicot/mono-
cot split, whereas the eudicot isoforms separately arose later by
species-specific duplication events. Consequently, if subfunc-
tionalization of paralogs has occurred, its consequences may
not pervade the entire plant kingdom but be more restricted to
individual species. The most likely scenario is subfunctionaliza-
tion of expression patterns, which has already been observed
between several Arabidopsis RP paralogs (13, 28, 31, 65).

For PAC2, RPT1b, and RPN12b loci for which protein prod-
ucts were not detected, the derived amino acid sequences have
the lowest identity as compared with their incorporated paralog
within the collection of Arabidopsis RP and CP proteasome
subunits. The predicted PAC2 and RPN12b proteins are also
substantially truncated, making it highly likely that both are
pseudogenes. For RPT1b, its activity is unclear. The corre-
sponding protein retained a high sequence identity to its RPT1a
paralog (81%), but both it and its A. lyrata ortholog are clearly
distinct phylogenetically from others in the plant RPT1 family.
Its significantly lower expression in Arabidopsis combined with
its absence in our MS/MS dataset suggest that RPT1b is either
not expressed, has tissue/developmental stage-restricted
expression patterns, or more remotely, is not assembled into a
complex that binds the CP.
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In-depth MS analyses revealed that the Arabidopsis 26 S pro-
teasome, despite its heterogeneity, is remarkably analogous to
the yeast and human versions (35, 55). In particular, we found
that the PBA1(B1) and PBB1/2(32) subunits and likely also the
PBE1/2 (B5) subunit are post-translationally processed to
reveal an N-terminal threonine that we presume becomes part
of their active sites. Although not conclusive, the sensitivity of
PBA1 cleavage to MG132 implies that the CP itself is the
responsible protease as demonstrated genetically in yeast (61).

Like the yeast and mammalian subunits, the N terminus of a
number of other Arabidopsis subunits is altered by N-acetyla-
tion of the initiator methionine or by N-terminal processing
(supplemental Table 4). The roles of these modification/pro-
cessing events in proteasome assembly/function are not yet
clear. Although several studies with non-plant proteasomes
identified various subunits that are modified by phosphoryla-
tion, we failed to detect this modification using ETD MS/MS
methods in any of the Arabidopsis subunits. Final conclusions
about phosphorylation status will ultimately require more sen-
sitive methods to detect phosphoproteins, including the use of
immobilized metal chelate chromatography to enrich for
phosphopeptides.

The most surprisingly finding was the extensive modification
of the Arabidopsis 26 S proteasome subunits by Ub. Prior
MS/MS studies of global ubiquitylation detected a number of
yeast subunits containing one or more Ub moieties, including
Pre3(B1), Pupl(B2), Pre2(B5), RPN1, RPN2, RPN3, RPN5,
RPN6, RPN7, RPNS8, RPN9, and RPN13 (41), whereas similar
studies by us in Arabidopsis detected ubiquitylated RPN1 (40).
Neither study identified the site(s) of Ub addition nor was it
clear whether the subunits were ubiquitylated while bound to
the 26 S complex. Here, we identified Ub footprints on 11 pro-
teasome subunits, and based on our method of enrichment,
most of these subunits should contain the Ub appendage while
incorporated into the 26 S proteasome.

The only exception might be the ubiquitylated form of PAG1
(as PAG1-FLAG), which could have been purified in the free
form in addition to that assembled into proteasomes. In fact,
the frequency with which we detected ubiquitylated PAGL1 in
PAGI-FLAG pagl-1 plants as compared with other subunits
(Table 2) raises the possibility that this modification reflects the
turnover of excess PAG1-FLAG, which failed to assemble into
the CP. Such turnover has been reported previously for Arabi-
dopsis RPN10 (53), suggesting that unassembled proteasome
subunits are rapidly removed in planta.

Immunoblot analysis of the 26 S proteasome preparations
with anti-Ub antibodies suggested that RPN1 and RPN2 are the
most abundant ubiquitylated proteins in the Arabidopsis com-
plex (at least in young seedlings). Although sequence align-
ments surrounding the Ub attachment sites (Lys-218 in RPN1a
and Lys-165 in RPN12/a/b) imply that this modification is
restricted to plants, the detection of ubiquitylated yeast RPN1
could indicate that the modification is more widespread (41).

What are the functions/fates of ubiquitylated 26 S protea-
somes? One possibility is that they reflect the process whereby
plants and other eukaryotes remove unwanted or nonfunc-
tional complexes. Through ubiquitylation and subsequent sub-
unit extraction, this 2.5-MDa complex could be processively
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disassembled followed by Ub-mediated degradation of the indi-
vidual free subunits. Alternatively, Ub addition could impart
new functions to specific subunits. For example, given the posi-
tions of RPN1 and RPN2 in the RP base close to its interface
with the lid (49), and the proposed role of RPN1 as a Ub recep-
tor (66), the ubiquitylation of these proteins could have impor-
tant implications in lid/base binding and/or the association of
ubiquitylated substrates with the RP. Contrasting possibilities
are that ubiquitylation of RPN1 either blocks subsequent dock-
ing of Ub-protein conjugates by interacting with its own Ub
recognition domain or that it promotes docking of conjugates
via the interaction of the Ub moieties with the Ub-binding
motifs of shuttle proteins such as RAD23, which deliver ubiq-
uitylated cargo to the particle (18, 66). Clearly, the analysis of
RPN1 and RPN2 mutants that inhibit Ub addition (e.g. arginine
substitutions at Lys-218 and Lys-165, respectively) are needed
to clarify its importance.

In addition to core CP and RP subunits, we identified a num-
ber of accessory proteins, including the PBAC2 (Pba2 in yeast)
chaperonin, whose ortholog in yeast helps with assembly of the
CP/RP holo-complex, DSS1/RPN15 (Seml in yeast), which
may alter proteasome subunit composition and/or localization,
and the deubiquitylating enzyme UBP16 (2, 17, 67). The closest
yeast and human orthologs of UBP16 are Ubp8 and Usp42,
which have been implicated in histone H2B deubiquitylation by
the SAGA complex and embryogenesis, respectively (68, 69).
Whether UBP16 represents a functional analog of these DUBs
remains to be determined. As opposed to the yeast particle, we
failed to detect the Ub receptor RPN13, ECM29, UBP6, and
UPL7(Hul5) despite the presence of obvious orthologs in the
Arabidopsis genome. The absence of these potential cofactors
could indicate that the affinity-purified proteases characterized
here are still missing important accessory proteins despite the
mild conditions used for isolation. Retaining association of
these cofactors could require chemical cross-linking before tis-
sue homogenization to stabilize their weak affinity.

Another accessory protein associated with the Arabidopsis
proteasomes is PA200 that forms a complex with the CP. This
alternative CP activator has been implicated in Ub-indepen-
dent protein breakdown, but its exact physiological role(s)
remain unclear (20, 21). Like that in yeast, PA200 is not essen-
tial in Arabidopsis. In fact, null pa200 mutants were indistin-
guishable to wild type under a variety of growth conditions.
That the level of PA200 in Arabidopsis seedlings substantially
increases in response to conditions that limit 26 S proteasome
activity (MG132 treatment or the rpni2a-1 mutant back-
ground) could indicate that PA200 is a proteasome substrate.
Alternatively, observations that MG132 also markedly
increases the levels of both the PA200 mRNA® and the PA200-
capped CP complex (Fig. 6H) raise the intriguing possibility
that the PA200-CP proteasome represents a stress-induced
proteolytic particle. Hopefully, the analysis of pa200 mutants in
combination with 26 S proteasome RP mutants may help delin-
eate the function(s) of the PA200-CP complex, especially under
suboptimal growth conditions or situations that stress 26 S pro-
teasome capacity.

5 K. H. Lee and R. D. Vierstra, unpublished data.
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Characterization of the 26 S Proteasome from Arabidopsis

In summary, analysis of our affinity-purified preparations

has revealed that Arabidopsis and likely other plants, assemble
a heterogeneous collection of proteasomes. By exploiting this
purification strategy, its should now be possible to track the
abundance of the various complexes and subcomplexes and
their post-translational modifications in specific tissues and
developmental states and, under various growth conditions, to
reveal how each contributes to the architecture and functions
of these proteolytic machines.
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