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Abstract

As initial steps to define how the 26S proteasome degrades ubiquitinated proteins in plants, we have characterized
many of the subunits that comprise the proteolytic complex fromArabidopsis thaliana. A set of 23 Arabidopsis
genes encoding the full complement of core particle (CP) subunits and a collection encoding 12 out of 18 known
eukaryotic regulatory particle (RP) subunits, including six AAA-ATPase subunits, were identified. Several of these
26S proteasome genes could complement yeast strains missing the corresponding orthologs. Using this ability of
plant subunits to functionally replace yeast counterparts, a parallel structure/function analysis was performed with
the RP subunit RPN10/MCB1, a putative receptor for ubiquitin conjugates. RPN10 is not essential for yeast viabil-
ity but is required for amino acid analog tolerance and degradation of proteins via the ubiquitin-fusion degradation
pathway, a subpathway within the ubiquitin system. Surprisingly, we found that the C-terminal motif required
for conjugate recognition by RPN10 is not essential forin vivo functions. Instead, a domain near the N-terminus
is required. We have begun to exploit the mossPhyscomitrella patensas a model to characterize the plant 26S
proteasome using reverse genetics. By homologous recombination, we have successfully disrupted theRPN10
gene. Unlike yeastrpn101 strains which grow normally,Physcomitrella rpn101 strains are developmentally
arrested, being unable to initiate gametophorogenesis. Further analysis of these mutants revealed that RPN10
is likely required for a developmental program triggered by plant hormones.

Abbreviations:CP – core particle; 5-FOA – 5-fluoroorotic acid; RP– regulatory particle; Ub-Pro-β-Gal – ubiquitin-
Pro-β-galactosidase.

Introduction

In yeast and animals, it is well established that the
ubiquitin/26S proteasome proteolytic system partic-
ipates in a number of essential cellular processes,
primarily by controlling the half-life of critical, short-
lived regulatory factors [1–4]. The system is composed
of two major steps, both of which require energy in

the form of ATP. In the first step, multiple ubiquitins
are covalently attached to protein substrates. Conjuga-
tion is performed by the sequential action of three sets
of enzymes, i.e., ubiquitin activation enzymes (E1s),
ubiquitin conjugating enzymes (E2s), and ubiquitin-
protein ligases (E3s) [5]. The last two, alone or in
concert, recognize proteins destined for degradation
and assemble a chain of ubiquitins (internally linked
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via Lys 48) onto one or more free and accessible amino
groups (N-terminal or lysε-amino). In the next step,
these multiubiquitinated proteins are recognized and
degraded with the concomitant release of the ubiqui-
tins in free forms. Breakdown is accomplished by the
26S proteasome, a multisubunit proteolytic complex.
The 26S proteasome is composed of two subcom-
plexes: the 20S core particle (CP) which contains the
proteolytic active sites and the 19S regulatory particle
(RP) which imparts the ATP dependence and speci-
ficity for those proteins modified with ubiquitin chains
[6, 7].

Substantial progress has been made in the past two
decades with regard to defining many components of
the ubiquitin/26S proteasome pathway, identifying its
natural targets, and determining the functional con-
sequences of target breakdown. However, there are
many important questions that remain unanswered.
For example, how does the system select particular
substrates for ubiquitin conjugation? What are the
conjugation signals within the substrates and how are
they recognized by E2s and/or E3s? How does the 26S
proteasome degrade the ubiquitinated substrates? And
why does the 26S complex require ATP for proteoly-
sis? For plants in particular, little is known about most
steps of the ubiquitin pathway and how the pathway
participates in plant development and response to the
environment [8]. To date, only phytochrome A has
been confirmed to be a target, implicating the pathway
in photomorphogenesis [9, 10].

To help understand how the 26S proteasome de-
grades ubiquitinated proteins, we have begun to char-
acterize genes encoding many of the subunits from
Arabidopsis thaliana. Using these plant genes, we
have established a yeast complementation system to
examine the structure/function of the encoded proteins
in a simpler model organism. We also have begun to
exploit Physcomitrella patensas a model system to
determine the functional roles of the ubiquitin system
in planta, using homologous recombination to create
specific gene disruptions. As a first example, we suc-
cessfully disrupted the 26S proteasome subunit gene
RPN10(MCB1) and demonstrated that this knockout
moss strain is developmentally impaired but can be
partially rescued by auxin and cytokinin treatment.

Structural conservation of the Arabidopsis 20S
core particle (CP)

Within the 26S proteasome, the CP is a highly stable
subparticle that contains the proteolytic active sites
[6, 7]. While it is ubiquitous among eukaryotes, less
complex versions are also present in several species
of eubacteria and archaebacteria [11]. The latter sug-
gests that the complex evolved before the origin of the
first eukaryote. Biochemical and structural studies of
the CP from mammals,Thermoplasma acidophilum,
and yeast (Sarccharomyces cerevisiae) show that the
CP contains only two types of subunits (α andβ) that
together assemble into a barrel-shaped structure by the
stacking of four rings [12, 13]. The two outer rings are
each composed of sevenα subunits and the two inner
rings are each composed of sevenβ subunits; these
β subunits contain the active sites for proteolysis.
Assembly of all 28 subunits creates three connected
internal chambers with the active sites for proteoly-
sis located within the middle chamber. This unique
architecture prevents the indiscriminate breakdown of
cellular proteins by the 20S complex, because only
those polypeptides that are deliberately directed into
the central chamber are degraded. TheT. acidophilum
complex is relatively simple, containing only one type
of α and one type ofβ subunit. It is more complex
in eukaryotes. For example, each ring of the yeast
CP contains seven distinctα or β subunits desig-
nated asα1-α7 andβ1-β7 [13]. All the β subunits of
T. acidophilumare presumably active, using a catalytic
triad involving the N-terminal Thr, and proximal Glu
and Lys residues to generate the catalytic site. How-
ever, in yeast, only three of theβ subunits,β1, β2,
andβ5, have these spatially conserved residues and
consequently are thought to be active [11].

From a survey of Arabidopsis EST and genomic
database sequences, we identified and characterized a
set of 23 genes encoding CP subunits [14]. Phylogenic
analysis placed these sequences into 14 groups corre-
sponding exactly toα1-α7 andβ1-β7 subunits from
yeast and other species (Table 1). Representatives of
all 14 types of subunits were identified, indicating
that this collection likely contains the full comple-
ment of subunits that is necessary to build the CP.
The Arabidopsis subunits are designated as PAA-G
and PBA-G (forProteasomeAlpha subunitA-G and
ProteasomeBeta subunitsA-G) with numerical suf-
fixes added to designate various members in each gene
family. In all cases, each of the Arabidopsis subunits is
more similar to the corresponding subunit from yeast
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and mammals than to other subunits from Arabidop-
sis, indicating that these subunits arose prior to the
divergence of the animal, fungal, and plant kingdoms.

In contrast to yeast where each subunit is encoded
by a single gene, many of the Arabidopsis subunits
(α1-α6 andβ2, β3, andβ4) are encoded by at least a
pair of paralogs. Amino acid sequence identity among
the paralogs is high (>90%) suggesting that the fam-
ily members are functionally identical. The existence
of these conserved paralogs in Arabidopsis may sim-
ply reflect the absolute requirement for expression of
these gene products across a wide range of develop-
mental states and environmental conditions. In support
of this notion, possible differential expression of these
paralogs is indicated by the highly diverged flanking
sequences. This similarity is in contrast to that seen
in mammals where the 3 catalyticβ subunits (β1,
β2, andβ5) have relatives that are substantially more
dissimilar (70% identity) in amino acid sequence and
may be functionally different [6]. For each of the
three subunits, one isoform is constitutively expressed
and likely is required for general proteolysis by the
26S proteasome. The other isoform is inducible and
appears to be involved in digesting foreign polypep-
tides during antigen presentation by the MHC class I
immune system [6].

Many critical conserved structural motifs identi-
fied in theα andβ subunits from other species are
also present in their Arabidopsis counterparts. For the
α subunits, these include a conserved N-terminalα-
helix, an N-terminal nuclear localization signal, a Tyr
residue important for contact among theα subunits
within the ring, and several positional conserved Gly
residues [14]. Residues that comprise the catalytic
triad of the active site (Thr/Glu/Lys) are all positional
conserved within the three Arabidopsisβ subunits
presumably required for proteolysis [β1 (PBA), β2
(PBB), andβ5 (PBE)]. Similar to the yeast and hu-
man versions, five of the sevenβ subunits (β1, β2,
and β5–β7) have the predicted propeptide cleavage
site and thus are expected to be synthesized as larger
precursors. Based on the existence of a similar set
of phylogenically related subunits and conservation
within critical structural motifs, we expect that the
three dimensional structure of the Arabidopsis CP will
be very similar, if not identical, to that determined for
the yeast complex [13].

Structural conservation of the Arabidopsis 19S
regulatory particle (RP)

In yeast [15], the 19S RP is composed of∼18 subunits
(Table 2). A consensus systematic nomenclature for
these subunits was proposed recently [15, 16] and is
used here. Six of the subunits [designated as RPT1-
6 (for RegulatoryParticle Triple-A ATPase subunit]
contain a conserved AAA cassette and thus have been
included as members of the large AAA-ATPase su-
perfamily [17]. Presumably, these subunits use ATP
hydrolysis to assist in the recognition and/or hydroly-
sis of substrates by the 26S proteasome. Phylogenic
analyses indicate that the RPT1-6 proteins form a
separate branch from the 15 other AAA gene clades
[17]. The rest of the yeast subunits are designated as
RPN1-12 (forRegulatoryParticle Non-ATPase sub-
unit). Except for RPN4 and RPN9, orthologs to all
the yeast subunits have been identified in the RP from
mammals [15].

A survey of existing databases identified numer-
ous Arabidopsis genes that encode orthologs for many
of the 18 yeast RP subunits (Table 2). These include
all six of the AAA-ATPase subunits (RPT1-6) and six
of the 12 non-ATPase subunits (RPN 1, 2, 6, 8, 10,
and 11) (Table 2). Many of the genes have representa-
tive cDNAs in the EST databases indicating that they
are actively transcribed. High sequence conservation
of orthologs from plant and other species was appar-
ent. For example, individual AAA-ATPase subunits
from Arabidopsis are highly similar (65–75% identity)
to the corresponding yeast proteins across the entire
length of the peptides. Like many of theα andβ sub-
units of the CP, at least two of the ATPase subunits,
RPT4 and RPT5, have paralogs in Arabidopsis with
high sequence identities (Table 2). Although the Ara-
bidopsis EST databases are expected to contain most
moderately to highly expressed genes, only one third
of the genomic sequence is currently available. Con-
sequently, we expect that additional RP subunits will
be detected as sequencing of the Arabidopsis genome
progresses and that more paralogs will be identified
that are currently not present in the EST databases,
presumably because their mRNAs are expressed at low
levels.
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Table 1. Subunits of the Arabidopsis 20S core particle

Systematic name1 Arabidopsis Yeast2 Human

α-type subunits

α1 PAA1 PRS2/C7/SCL1/Y8 IOTA/PROS27

PAA2

α2 PAB1 PRE8/Y7 C3

PAB2

α3 PAC1 PRE9/Y13 C9

PAC2

α4 PAD1 PRE6 XAPC7

PAD2

α5 PAE1 DOA5/PUP2 ZETA

PAE2

α6 PAF1 PRE5 C2/PROS30

PAF2

α7 PAG1 PRS1/PRE10/C1 C8

β-type subunits

β1 PBA1 PRE3 Y/Delta/LMP23

β2 PBB1 PUP1 Z/MECL13

PBB2

β3 PBC1 PUP3 C10

PBC2

β4 PBD1 PRE1/C11 C7

PBD2

β5 PBE1 DOA3/PRE2/PRG1 X/MB1//LMP73

β6 PBF1 PRS3/PRE7/C5 C5

β7 PBG1 PRE4 N3/Beta

1Groll et al. [13].
2All yeast subunits are essential exceptα3/PRE9.
3γ -interferon inducible.

Many Arabidopsis 26S proteasome subunits can
functionally replace corresponding orthologs in
yeast

To further demonstrate that many of the Arabidopsis
26S proteasome subunits are functionally related to
those from yeast, we tested whether the correspond-
ing Arabidopsis genes could complement their corre-
sponding yeast orthologs. Because most of the yeast
genes are essential, complementation was performed
by plasmid shuffle (e.g., [18]). In this technique, hap-
loid yeast chromosomal deletion strains are created in
which the chromosomal locus for the gene is disrupted
and replaced with the equivalent wild-type gene ex-
pressed on aURA3-plasmid. The genes to be tested for
complementation are introduced into these strains us-
ing a different selection plasmid. Cells containing both
plasmids are grown on non-selective media to allow

for spontaneous loss of either plasmid and then grown
on media containing 5-fluoroorotic acid (5-FOA) to
select against cells still containing theURA3-plasmid
harboring the wild-type gene. Cells containing the het-
erologous test gene can form colonies only when its
gene products can functionally replace the products of
the wild-type essential gene.

By this strategy, Arabidopsis genes encoding 26S
proteasome subunitsα5, β1–7, and RPT1-6 were
tested for their ability to rescue the corresponding
yeast deletions. Among the CP subunits, only the
Arabidopsis genesPAE1 (α5) andPBC2 (β3) were
effective, but the complemented strains grew more
slowly than those complemented with the yeast coun-
terparts, suggesting that the Arabidopsisα5 andβ3
subunits were only partially effective. Results were
better for the six AAA subunits (RPT1-6); in this case,
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Figure 1. Functional complementation of yeast 26S proteasome subunit genes with orthologs fromA. thaliana. (a) Two Arabidopsis 20S
core particle subunit genesPAE1andPBC2, but not others, can specifically replace corresponding yeast orthologous genesDOA5 (α5) and
PUP3 (β3). (b) Five Arabidopsis AAA-ATPase subunit genes,AtRPT1and AtRPT3-6, of 19S regulatory particle can specifically replace
their corresponding orthologous genes in yeast. Functional complementations were performed by plasmid shuffle experiments [18] on media
containing 5-FOA at 1 g/L.
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Table 2. Identified subunits of the 19S regulatory particle from Arabidopsis

New Identification Previous nomenclature

nomenclature1 status3 Yeast4 Bovine human Others

RPN1 + Hrd2/Nas1+ S2/Trap-2/p97 Mts4

RPN2 + Sen3+ S1/p112

RPN3 − Sun2+ S3/p58

RPN4 − Son1/Ufd5−
RPT1 + Cim5/Yta3+ S7/Mss1

RPT2 + Yta5+ S4/p56 Mts2

RPT3 + Yta2/Ynt1+ S6/Tbp7/p48 MS73

RPT42 + Crl3/Sug2/Pcs1+ S10b/p42 CADp44

RPT52 + Yta1+ S6′/Tbp1/p50

RPN5 − Nas5+ p55

RPN6 + Nas4+ S9/p44.5

RPN7 − ORF u32445 S10a/p44

RPT6 + Sug1/Cim3/Crl3+ S8/Trip1/p45 m56

RPN8 + Nas3 S12/p40 Mov-34

RPN9 − ORF u33007−
RPN10 + Mcb1/Sun1− S5a Mbp1/p54

RPN11 + Mpr1+ Poh1 pad1

RPN12 − Nin1+ S14/p31 mts3

1Glickman et al. [15].2paralog genes identified in Arabidopsis with high sequence identity
(>95% at amino acid sequence level).
3+ and – indicate corresponding subunit has been identified or not been identified, respec-
tively, in Arabidopsis.
4+ and – indicate corresponding subunit is essential or nonessential, respectively, in yeast.

Figure 2. Disruption of RPN10 inhibits developmental progression inP. patens. Wild-type (a and c) andrpn101 (b and d)P. patensstrains
were grown in 16 h light/8 h dark photoperiods on minimal media (minus NH4) for one and three months, respectively. Overall colony growth
(a and b) and enlarged protonema (c and d) are shown separately.



143

all but ArabidopsisRPT2could functionally replace
its corresponding yeast ortholog (Figure 1).

With respect to the non-essential genes, only the
RP subunit RPN10 and the CP subunitα3 (PAC1)
have been tested. In both of these cases, complemen-
tation involved expression of the Arabidopsis gene
from a selection plasmid directly in the corresponding
yeast deletion strain (rpn101 and pre91, respec-
tively). Both Arabidopsis subunits effectively rescued
the respective yeast defects. ArabidopsisPAC1 re-
stored amino acid analog tolerance to yeastpre91
strains, whereas ArabidopsisRPN10restored amino
acid analog tolerance and the ability to degrade a
ubiquitin-fusion degradation pathway substrate to a
yeastrpn101 strain [14, 19].

Functional domains of the RP subunit RPN10

RPN10 (previously designated as MBP1, MCB1, S5a,
and µ54) was first identified as a human RP sub-
unit that could bind Lys48-linked multiubiquitin chains
in vitro, especially those containing four or more ubiq-
uitins [20]. This binding specificity and preference for
longer chains led to a proposal that the subunit may
function within the 26S proteasome as a recognition
factor for ubiquitinated substrates. The gene encod-
ing RPN10 was subsequently isolated from a wide
range of species including Arabidopsis [21], human
[22], yeast [23], Drosophila [24], andPhyscomitrella
patens[25]. Because the proposed role for RPN10
was central to the ubiquitin pathway, we expected that
yeast strains missing this subunit would be inviable.
Surprisingly, yeastrpn101 strains were phenotyp-
ically normal and grew at wild-type rates on rich
media [23, 26]. This non-essential nature suggested
that other recognition factors besides RPN10 must
exist within the RP, but as yet no other candidate
binding protein has been identified. However, inter-
esting conditional phenotypes were observed with the
yeast rpn101 strains. These included an increased
sensitivity to growth on media containing canavanine
and p-fluorophenylalanine (analogs of arginine and
phenylalanine, respectively) and a stabilization of the
ubiquitin substrate Ub-Pro-β-Gal [23]. Normally, this
protein is degraded rapidly (half-life of 5–10 min)
by the ubiquitin-fusion degradation pathway, a sub-
pathway within the ubiquitin system in yeast. In the
rpn101 strain, Ub-Pro-β-Gal was slowly turned over
with a half-life of>2 h [23].

To test whether the conditional phenotypes of the
yeast rpn101 strains are related to the ability of
the protein to bind multiubiquitin chains, a struc-
ture/function analysis was performed by expressing
mutated versions of the Arabidopsis and yeast pro-
teins in the yeastrpn101 strain [19]. In vitro chain
binding assays with deletion and site-directed RPN10
mutants uncovered an LAL/MALRV sequence motif
near the C-terminus of the proteins from both species
that is critical for ubiquitin recognition. This motif is
highly hydrophobic and is located within a conserved
domain present within all RPN10 isologs. Whereas
most RPN10 orthologs only contain one of these hy-
drophobic domains, two are present in the Arabidopsis
version [21]. Despite its involvement in multiubiq-
uitin binding, the LAL/MALRV motif was not nec-
essary for thein vivo functions of RPN10. Mutants
in which the LAL/MALRV was completely deleted
or mutated to contain less hydrophobic residues (e.g.,
LAL/MALRV conversion to NNNNNRV) could still
rescue therpn101 phenotypes (i.e., conferring amino
acid analog resistance and restoring the degradation
of Ub-Pro-β-Gal) [19]. Therefore, RPN10 must have
another more criticalin vivo function in the RP in ad-
dition to its ability to bind multiubiquitinated proteins.

Further mutagenesis of both yeast and Arabidopsis
RPN10 revealed that the first 60 amino acids at the
N-terminus are critical for its phenotypic functions.
The N-terminal deletion (11–60) not only failed to
complement therpn101 phenotypes, but actually in-
creased the sensitivity of therpn101 strain to amino
acid analogs, suggesting it was toxic in the absence of
wild-type protein [19]. More recent detailed mutagen-
esis analyses of this 60 amino acid-region with yeast
RPN10 has narrowed down the essential residues to a
9-amino acid domain just proximal to the N-terminus
(residues 7–15). Several residues within this domain
are highly conserved, being present in all RPN10
isologs (H. Fu and R. D. Vierstra, unpubl.). The func-
tions of these residues are unknown. One possibility is
that they promote important contacts among the neigh-
boring subunits of the RP. In support, Glickmanet al.
[27] have recently shown that yeast 26S complexes
isolated fromrpn101 strains are less stable than those
from wild-type yeast.
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RPN10 is required for developmental progression
in the mossPhyscomitrella patens

In contrast to yeast and animals, we know very lit-
tle about the functional roles andin vivo substrates
of the ubiquitin/26 proteasome pathway in plants [8].
One of the major obstacles has been the lack of
informative mutants defective in components of the
pathway. Forward genetic approaches have been lim-
ited in plants due to a lack of predictable phenotypes
and the presence of paralogs and isologs with overlap-
ping functions. Reverse genetics has been hampered in
higher plants by the lack of efficient methods to disrupt
genes by homologous recombination, an approach
that has been used with great success in yeast. Re-
cently however, this barrier has been overcome in the
haploid mossPhyscomitrella patens, with the devel-
opment by Schaefer and Zyrd of an efficient method
for targeted gene disruption [28]. We have begun to
exploit this model seedless plant to develop specific
gene knockouts in the ubiquitin/26S proteasome path-
way. Through such mutants we hope to determine the
roles of this proteolytic pathway in plant growth and
development.

As a first attempt, we chose to disrupt theP. patens
RPN10gene because preliminary DNA gel blot analy-
ses showed that only oneRPN10locus is present in the
genome. Using ArabidopsisRPN10as a probe [21],
we isolated a cDNA encoding RPN10 fromP. patens.
Binding studies of the encoded protein expressed in
E. coli revealed that it, like its animal and Arabidop-
sis counterparts, binds multiubiquitin chains using the
LALALRV hydrophobic patch (see above). A knock-
out construction was created in which a selectable
marker was inserted into the middle of thePpRPN10
cDNA coding region.P. patens rpn101 strains were
generated by transforming moss protoplasts with the
construction and then screening for targeted colonies
that grew on selection medium. DNA blot analyses
revealed that theRPN10locus was disrupted in sev-
eral of the resistant transgenic lines. As expected, this
disruption eliminated protein expression ofRPN10in
rpn101 strains as determined by immunoblot analysis
using Arabidopsis RPN10 antibodies [25].

Like yeast rpn101 strains, P. patens rpn101
strains had elevated level of ubiquitin conjugates and
were hypersensitive to amino acid analogs. In con-
trast to yeastrpn101 strains which grow normally and
are not morphologically altered [23, 26], we found
that theP. patens rpn101 strains were developmen-
tally impaired (Figure 2). In the normal life cycle of

P. patens(for review see [29]), haploid spores germi-
nate and grow initially as filaments of two cell types:
chloronema and caulonema. Chloronema cells de-
velop first followed by caulonema cells. As the colony
expands, buds originate from the caulonema which
eventually develop into the large leafy gametophores.
These structures predominate the life cycle and ul-
timately bear the antheridia and archegonia (male
and female gametophytes, respectively) that produce
the gametes for sexual reproduction. Although the
rpn101 strains produced near normal chloronema,
they failed to produce normal caulonema and never
generated buds and gametophores. As a result, while
wild-type P. patenscolonies expanded and eventu-
ally became decorated with gametophores after a few
weeks of growth, therpn101 strains remained indef-
initely as solid clumps of chloronema and aberrant
caulonema.

For wild-type P. patens, formation of buds and
subsequent gametophores is hormonally induced and
can be accelerated by the addition of auxin and cy-
tokinin to the medium [30]. We observed a similar
promotive effect when the wild-type strain was grown
on the auxin – IAA and the cytokinin – isopentenyl-
adenine (IPA). For therpn101 strains, this treatment
restored the formation of caulonema cells and stim-
ulated the development of buds and gametophores.
When exposed to as little as 50 nM IAA and IPA,
buds arose which eventually progressed to form ga-
metophores. However, these gametophore structures
did not expand normally and did not develop beyond
the four-to-six leaf stage (It was not determined if an-
theridia or archegonia were formed). Although each
hormone alone triggered some differentiation, both
hormones in combination proved to be most effective.

One of theP. patens rpn101 strains was comple-
mented with various mutants of RPN10 to identify
which region is important for gametophorogenesis.
Results indicated the LALALRV motif essential for
multiubiquitin chain bindingin vitro is not required
for proper development. RPN10 mutants that have this
structural motif deleted or substituted with noncon-
servative residues could still complement therpn101
strain and restore, at least partially, gametophore
development.

Taken together, the results show that RPN10 has
an expanded role in plant development as compared to
its limited role in yeast. However, like yeast RPN10,
its functions inP. patensdo not appear to require the
ability to bind multiubiquitin chains. In both species,
successful complementation was observed for mutant
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RPN10 proteins that could no longer bind ubiquitin
chainsin vitro. The developmental defects inP. patens
could be partially reversed by treatment with the plant
hormones, auxin and cytokinin, suggesting that re-
sponse to these hormones may require degradation of
one or more short-lived regulators by the 26S pro-
teasome. One intriguing possibility is that these reg-
ulators act as repressors that prevent development in
the absence of appropriate hormonal signals. When a
sufficient concentration of hormones is reached, these
repressors are removed by degradation and/or over-
come by activators, thus allowing development to
proceed. However, when these short-lived proteins are
stabilized (as may be the case in therpn101mutants),
progression is blocked unless supra optimal levels of
hormone are achieved.

Certainly the ability to target the disruption of
specific genes, as well as methods that allow for suc-
cessful complementation, makePhyscomitrella patens
a useful model to study plant growth and develop-
ment. With respect to the ubiquitin/26S proteasome
pathway, also important was the finding that many
components identified in Arabidopsis have closely re-
lated orthlogs in this moss. In addition to RPN10,
these include ubiquitin, CP subunits, and proteins in-
volved in ubiquitin conjugation (E2s and E3s) (data
not shown). Thus, studies withPhyscomitrellashould
provide useful information for all higher plants. The
more complex phenotype elicited by disruption of
RPN10in Physcomitrellaas compared to yeast also
highlights the more expanded role of the ubiquitin/26S
proteasome pathway in multicellular organisms and
thus the need for parallel studies in more complex
model systems.

Perspectives

Structural information has provided a wealth of in-
formation with regard to understanding how the 26S
proteasome functions mechanistically. However, in-
formation is still lacking about how the complex de-
grades proteins, releases peptide fragments and amino
acids, and how it selects targets for degradation and
funnels the unfolded polypeptides into the lumen of
the CP. Besides direct advanced physical methods,
e.g., NMR and crystal structure analyses, approaches
via classical molecular genetics can provide critical
information about important protein-protein interac-
tions and about residues involved in catalysis. Both
the structural conservation of the 26S complex and the

rapid progress in various genomic sequencing efforts
allowed us to quickly establish systems to directly
study the plant 26S proteasome. As exemplified by
our analysis of the regulatory particle subunit RPN10,
we should be able to use the established yeast comple-
mentation systems to dissect critical structural motifs
of 26S proteasome subunits from either endogenous
or heterologous sources. Further characterization of
this subunit should shed light on the organization of
the regulatory particle and important interactions that
impart its stability. The observed phenotype of the
P. patens rpn101 strain demonstrates the usefulness of
this moss for functional study of the ubiquitin system
in plants. Further characterization of therpn101 strain
may eventually lead to identification of the substrate(s)
whose half-lives are controlled by the ubiquitin/26S
proteasome pathway.
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