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SUMMARY

Protein ubiquitylation is a central regulatory mechanism that controls numerous processes in
plants, including hormone signaling, developmental progression, responses to biotic and abiotic
challenges, protein trafficking and chromatin structure. Despite data implicating thousands of
plant proteins as targets, so far only a few have been conclusively shown to be ubiquitylated /n
planta. Here we describe a method to isolate ubiquitin—protein conjugates from Arabidopsis that
exploits a stable transgenic line expressing a synthetic poly- UBQ gene encoding ubiquitin (Ub)
monomers N-terminally tagged with hexahistidine. Following sequential enrichment by Ub-
affinity and nickel chelate-affinity chromatography, the ubiquitylated proteins were trypsinized,
separated by two-dimensional liquid chromatography, and analyzed by mass spectrometry. Our
list of 54 non-redundant targets, expressed by as many as 90 possible isoforms, included those
predicted by genetic studies to be ubiquitylated in plants (EIN3 and JAZ6) or shown to be
ubiquitylated in other eukaryotes (ribosomal subunits, elongation factor 1a, histone H1, HSP70
and CDC48), as well as candidates whose control by the Ub/26S proteasome system is not yet
appreciated. Ub attachment site(s) were resolved for a subset of these proteins, but surprisingly
little sequence consensus was detected, implying that specific residues surrounding the modified
lysine are not important determinants for ubiquitylation. We also identified six of the seven
available lysine residues on Ub itself as Ub attachment sites, together with evidence for a
branched mixed-linkage chain, suggesting that the topologies of Ub chains can be highly complex
in plants. Taken together, our method provides a widely applicable strategy to define
ubiquitylation in any tissue of intact plants exposed to a wide range of conditions.
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INTRODUCTION

Plants, like other eukaryotes, exploit a wide variety of post-translational modifications to
regulate the activity, location and/or half-life of their constituent proteins. One of the most
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prevalent modifications involves the covalent attachment of the 76-amino-acid protein
ubiquitin (Ub) to accessible lysines in other intracellular proteins (Smalle and Vierstra,
2004; Dreher and Callis, 2007). This ubiquitylation can alter the target in a number of ways
depending on the target and the architecture of the bound Ub, which can be attached either
singly or as polymeric chains that are internally linked through lysines within Ub itself. The
best understood consequence of ubiquitylation is to direct short-lived proteins to the 26S
proteasome for subsequent breakdown. Here, poly-Ub chains linked via Lys48 are
selectively conjugated to proteins destined for turnover; these poly-ubiquitylated proteins
are recognized and degraded by the 26S proteasome, with the concomitant release of the Ub
moieties for re-use. It has been estimated that most short-lived cytoplasmic and nuclear
proteins are removed by this mechanism (Vierstra, 2003). Other roles for Ub addition
include modifications of chromatin structure and vesicular trafficking by mono-
ubiquitylation, and DNA repair and the turnover of plasma membrane-bound receptors and
transporters via endocytosis to the lysosome/vacuole after addition of Lys63-linked Ub
polymers (Mukhopadhyay and Riezman, 2007).

Accumulating genetic studies have implicated ubiquitylation in the control of almost every
aspect of plant biology, including signaling by most (if not all) hormones, light perception,
entrainment of circadian rhythms, embryogenesis, responses to adverse environments,
protection against pathogens, and epigenetic regulation (Smalle and Vierstra, 2004; Dreher
and Callis, 2007). The fact that almost 1700 Arabidopsis thaliana genes (>5% of the
proteome) have been connected to the production and metabolism of Ub—protein conjugates
implies that ubiquitylation rivals phosphorylation in both depth and breadth as the dominant
modification in plants (Vierstra, 2009). Even though thousands of intracellular proteins are
predicted to be targets, only a handful [e.g. phytochrome A (phyA), auxin/indole-3-acetic
acid (AUX/IAA), Della and jasmonic acid/ZIM-containing (JAZ) proteins, long hypocotyl-5
(HY5), abscisic acid-insensitive-5 (ABI5) and histone H2B] have been confirmed via
genetic or biochemical methods as ubiquitylated /n vivo (Vierstra, 2009 and references
therein).

Full appreciation of ubiquitylation will ultimately require definition of the plant
ubiquitylome, the collection of proteins modified by Ub. Unfortunately, generating this
ubiquitylome is complicated by the sheer number of targets whose ubiquitylated forms are
typically present at low steady-state levels, and the possibility that individual targets carry
varying numbers of Ubs bound by various linkages. One powerful strategy to overcome
these challenges is the application of mass spectrometry (MS) to analyze complex protein
fractions that are enriched in Ub—protein conjugates. Peng et al. (2003) pioneered this
approach with the MS analysis of ubiquitylated proteins isolated from a yeast
(Saccharomyeces cerevisiag) strain in which all four native UBQ genes were replaced by a
single gene expressing 6xHis-tagged Ub. Using as a signature the unique isopeptide-linked
Gly-Gly-Lys footprint derived from ubiquitylated proteins after trypsinization, they also
determined the Ub attachment site(s) for a subset of these proteins. This and subsequent
studies on yeast and mammalian cells (e.g. Hitchcock et al., 2003; Kirkpatrick et al., 2005;
Matsumoto et al., 2005; Mayor et al., 2005; Tagwerker et al., 2006) found surprisingly little
consensus in the Ub attachment sites, indicating that specific sequences surrounding the
accessible lysine are not important determinants for ubiquitylation, except that the lysine
must be solvent-exposed. These MS analyses also revealed that polymeric Ub chains can be
assembled /n vivo using any of the seven Ub lysines for concatenation (e.g. Peng et al.,
2003), and that highly complex mixed-linkage Ub polymers are possible for substrates
ubiquitylated /in vitro (Kirkpatrick et al., 2006).

Similar MS approaches have recently been adapted to plants. Studies by Maor et al. (2007)
using Ub-binding domains [the Ub-associated (UBA) domain from the Arabidopsis
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deubiquitylating isopeptidase UBP14 (Doelling et al., 2001) or the Ub-interacting motif
(UIM) from Arabidopsis RPN10 (Smalle et a/,, 2003)] for a single affinity enrichment step
identified 294 proteins in Arabidopsis suspension cells that may be ubiquitylated, with Ub
footprints tentatively located in 56. They also detected Ub linkages to itself for five of the
seven available lysines (the exceptions being Lys6 and Lys27), thus confirming that plants,
like yeast and animals, exploit several types of Ub polymers. More recently, Manzano et al.
(2008) used the UBA domain from mammalian p62 to enrich for ubiquitylated species from
Arabidopsis seedlings to identify additional candidates by MS. In this case, no Ub footprints
were reported. Unfortunately, both lists are missing a number of proteins that are known to
be ubiquitylated /n planta, suggesting that many more targets remain to be identified.
Moreover, as the former study used cell suspension cultures (Maor et al., 2007), while the
latter used seedlings treated with the 26S proteasome inhibitor MG132 (Manzano et al.,
2008), it remains unclear whether some of these conjugates represent ubiquitylated proteins
generated as a consequence of the stress induced by the cell culture conditions or the
inhibitor treatment. In addition, because both studies used a single step for ubiquitylome
purification, it is possible that some candidates represent contaminating species that non-
specifically bind to the Ub-affinity matrices.

Here we describe a tandem purification method first developed for yeast (Mayor and
Deshaies, 2005; Mayor et al., 2005) to enrich more highly for Ub conjugates from intact
plants in the absence of 26S proteasome inhibitors. It involved the creation of
phenotypically normal Arabidopsis lines that stably express a Ub variant with a 6xHis tag
designed to extend from Ub polymers. Ubiquitylated proteins were then enriched from intact
untreated plants using a combination of Ub-affinity and nickel-chelate affinity
chromatography, with the latter performed under strong denaturing conditions. Initial
analysis of these preparations by multi-dimensional protein identification technology
(MudPIT) MS identified a list of 54 non-redundant ubiquitylated proteins, with Ub
footprint(s) for 13. Importantly, this collection includes a number of proteins that have been
predicted to be ubiquitylation targets by genetic analyses or by comparison with the yeast/
mammal ubiquitylomes, or that are known to be short-lived. We also identified Ub
footprints for all Ub lysines except Lys27, and obtained evidence for a branched mixed-
linkage Ub chain, suggesting that highly complex chain topologies are possible. Using this
strategy, it should now be possible to more accurately define the ubiquitylome from any
plant tissue exposed to a wide range of growth conditions or treatments.

Transgenic plants expressing 6xHis-tagged Ub

To better catalog the plant ubiquitylome, we developed a general-use strategy for improved
purification of Ub conjugates that could be readily adapted to any tissue or growth
conditions without the potential artifacts inherent in using 26S proteasome inhibitors.
Whereas previous attempts employed the Ub-binding domains UBA or UIM (Harper and
Schulman, 2006) for a single enrichment step (Maor et al., 2007; Manzano et al., 2008), we
found that neither approach yielded sufficiently pure preparations when applied to intact
non-treated Arabidopsis seedlings. Consequently, we combined this Ub-affinity strategy
with that developed by Ling et a/. (2000), who exploited transgenic plants expressing 6xHis-
tagged Ub in combination with immobilized-metal affinity chromatography. When applied
to yeast, this sequential chromatography was shown to substantially enrich for Ub
conjugates from whole-cell lysates (Mayor and Deshaies, 2005; Mayor et al., 2005).

Ling et al. (2000) added the 6xHis tag (MHHHHHH) directly to the N-terminus of Ub, and
then expressed this modified Ub in Arabidopsis as an N-terminal extension of luciferase. To
improve exposure of the 6xHis tag within poly-Ub chains, they also used a Ub variant in
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which Lys48 had been replaced by arginine, which terminates Lys48-dependent poly-
ubiquitylation, and thus positions the 6xHis tag at the end of Lys48-linked chains for
maximal exposure. Because high-level expression of K48R Ub is detrimental to plant
growth, presumably because it prematurely truncates Ub polymerization via Lys48
(Bachmair et al.,, 1990; Becker et al., 1993; Schlogelhofer et al.,, 2006), such a strategy was
avoided here. Instead, we developed a UBQ transgene that expresses wild-type plant Ub
with a 13-amino-acid N-terminal extension of six histidines followed by a flexible glycine-
rich linker (MHHHHHHGGGGGSA) (Figure 1a), which would hopefully extend beyond
the Ub moieties regardless of its position within the Ub polymer or attachment site to the
target protein. To provide high-level expression, we then fused six of these coding regions
head-to-tail to form a single in-frame poly- UBQ transgene that mimics those found naturally
in plants (Callis ef al., 1995) (Figure 1a).

When the poly-6His-UBQ transgene was introduced into Arabidopsis, a number of lines
were identified that expressed high levels of 6xHis-tagged Ub protein as determined by the
presence of a new anti-Ub and anti-5His immunoreactive species at approximately 7 kDa as
compared to free Ub (5.5 kDa) (Figure 1b and data not shown). Accumulation of this species
indicated that the initial hexa-Ub translation product was readily processed into Ub
monomers by de-ubiquitylating enzymes, and that the 6xHis tag was relatively resistant to
proteolytic cleavage (Figure 1b). For some lines, the level of free 6xHis-tagged Ub equaled
that of wild-type Ub. Higher-molecular-mass species were also detected in the 6His-UBQ
lines using anti-Ub antibodies (Figure 1b) or the less sensitive anti-5His antibodies (Figure
2a), indicating that this tagged Ub monomer could be incorporated into poly-Ub chains and
Ub-protein conjugates /n vivo (van Nocker and Vierstra, 1993). The species that were most
obvious were located at 13-15 kDa; the lower band probably represented the Ub
homodimer, the next highest the 6xHis-tagged Ub/Ub heterodimer, and the third more faint
species being the 6xHis-tagged Ub homodimer (Figure 1b).

Over-expression of UBQ genes can sometimes adversely affect plant development,
presumably by co-suppressing the endogenous suite of UBQ genes (Becker et al., 1993;
R.D.V., unpublished results). Additional adverse phenotypes can be generated by expressing
Ub-protein variants, probably as a result of their interference with various aspects of Ub
conjugation and metabolism (e.g. Bachmair et a/., 1990; Becker et al., 1993; Schlogelhofer
etal., 2006; Yin et al., 2007). It is important that the lines expressing high levels of 6xHis-
tagged Ub were phenotypically normal under several conditions that are sensitive to
perturbations in the plant Ub/26S proteasome system (UPS). For example, the 6His-UBQ
and wild-type Col-0 plants were morphologically indistinguishable throughout their entire
life cycle (data not shown). Flowering time under either long or short days, which is highly
sensitive to perturbations in the UPS (Jang et a/., 2008; Book et al., 2009), was also
unaffected by 6His-UBQ expression. Root growth in the presence of the proteasome
inhibitor MG132 (YYang et al., 2004) or the amino acids analogs canavinine (arginine) and p-
fluorophenylalanine (phenylalanine), which generate abnormal proteins that require the UPS
for removal (Yan et al., 2000), was identical (Figure 1c). Similarly, trichrome branching,
which is controlled by the UPS via the Ub ligase UPL3 (or Kaktus; Downes et al., 2003),
was not significantly affected (Figure 1d).

When two known targets of the UPS [phyA (Clough et al., 1999) and ABI5 (Smalle et al,
2003; Stone et al., 2006)] were analyzed, their stabilities in planta were also unchanged by
6His-UBQ expression. As shown in Figure 1e, the turnover rate of phyA during red-light
irradiation of etiolated seedlings and the stabilization of ABI5 in young green seedlings
exposed to ABA were indistinguishable in the wild-type and 6His-UBQ backgrounds.
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Enrichment of Ub—protein conjugates

MS analysis

To enrich for ubiquitylated proteins from the 6His-UBQ plants, we adapted the tandem
affinity method that combined Ub-affinity chromatography with nickel/nitrilotriacetic acid
agarose (Ni-NTA) chromatography (Mayor and Deshaies, 2005; Mayor et al., 2005). For
the studies described here, the source tissue was 10-day-old green Arabidopsis seedlings
grown in liquid culture under continuous light. The Ub-affinity step employed a 23 kDa
fragment encompassing the two UBA domains from human HHR23A (Raasi et al., 2004),
which was expressed recombinantly as a 49.2 kDa fusion to the C-terminus of glutathione S
transferase (GST) (hereafter called GST-UBA). In agreement with the results obtained by
Maor et al. (2007), this GST-UBA column substantially enriched for ubiquitylated species
present in both wild-type and 6H7s-UBQ seedlings using an aqueous non-denaturing buffer
to prepare the crude extracts, followed by a high salt wash (2 » NaCl) and 8 v urea elution.
The eluants from both tissue sources were enriched for Ub conjugates as detected
immunologically using anti-Ub antibodies following SDS-PAGE, and they were mostly free
of other proteins (with the exception of the GST-UBA ligand and its breakdown products)
as detected by silver staining of the gels for total protein (Figure 2a). In agreement with the
preference of the HHR23A UBA domains for ubiquitylated species carrying Lys48-linked
poly-Ub chains, especially those containing four or more Ub monomers (Raasi and Pickart,
2003; Raasi et al., 2004; Mayor et al., 2005), the eluants were enriched for higher-
molecular-mass Ub conjugates compared to the free Ub monomer and dimer (Figure 2a).
This smear was recognized by anti-5His antibodies (albeit weakly), confirming that these
conjugates also contained the 6xHis-tagged Ub variant (Figure 2a).

That the GST-UBA column bound ubiquitylated proteins in addition to free poly-Ub chains
was confirmed by enrichment of phyA-Ub conjugates (Clough et a/., 1999). Formation of
these conjugates was first induced in etiolated seedlings by a 1 h red-light irradiation, and
then these conjugates were enriched from crude extracts using the GST-UBA column and
detected following SDS-PAGE by immunoblot analysis with an anti-phyA monoclonal
antibody. Compared to a SDS sample buffer eluant from a column with GST alone, the
GST-UBA column substantially enriched a smear of higher-molecular-mass Ub—phyA
species (Figure 2b). Unmodified phyA was also present, probably due to its
heterodimerization with ubiquitylated forms. Some non-modified phyA was also present in
the control eluant from a column with GST alone, thus highlighting the need for a second
affinity step prior to MS analysis.

Following UBA chromatography, the 8 » urea eluant was subjected to Ni-NTA
chromatography using 400 mwv imidazole in 8 w urea for elution. Ni-NTA eluants prepared
with wild-type plants contained little protein and undetectable amounts of ubiquitylated
species, as revealed by silver staining and immunoblot analyses with anti-Ub and anti-5His
antibodies, respectively (Figure 2a). In contrast, a smear of Ub conjugates was evident from
samples prepared with 6His-UBQ plants. The majority of these species migrated during
SDS-PAGE with apparent molecular masses greater than 90 kDa, suggesting that they
represent proteins that are modified by varying-length Ub polymers.

of Ub conjugates

Following tandem purification, the Ub conjugates were carbamido-methylated under
conditions that favor cysteine modification over lysine modification (J. Peng, Emory
University School of Medicine, unpublished results), and digested using trypsin. The
resulting peptides were then analyzed by MudPIT MS, which separated the complex mixture
by cation exchange followed by reverse-phase chromatography (Wolters et a/., 2001), and
then analyzed the peptides by online ESI ion-trap MS (Washburn et a/., 2001). The masses
obtained from MS/MS fragmentations were checked against the A. thaliana ecotype Col-0
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protein database (version 7; http://www.Arabidopsis.org) using the SEQUEST search engine
(Eng et al., 1994) within the Xcalibur program to identify the parent polypeptides. A likely
Ub conjugate was included in the final list if two or more peptides were identified by MS/
MS with Xcqr Stringency scores greater than 2.0, 2.2 and 3.75 for the +1, +2 and +3 charge
states, respectively (Peng et a/., 2003), and P(pro) probability scores less than 5 x 1072 (all
calculated within SEQUEST). If only a single peptide was identified (without a Ub
footprint), we increased the P(pro) stringency threshold to 1.0 x 10~* before inclusion.
Inclusion of the P(pro) criterion increased the stringency as compared to previous studies
(Peng et al.,, 2003; Maor et al., 2007) to help eliminate false positives. We also generated
probability scores for some proteins using the MASCOT algorithm to allow direct
comparison of our data to those obtained by Manzano et a/. (2008); all but two of our
MASCOT scores were more stringent than their most stringent representative, which had a
score of 24 (Tables 1 and 2).

Not surprisingly, the dominant peptides in our MS/MS sequencing events were derived from
Ub, and were subsequently filtered from the analyses. To help remove additional
contaminants, we also performed the same analysis with samples prepared from wild-type
plants subjected to both GST-UBA and Ni-NTA chromatography. The few proteins
identified in these samples were omitted from the final list, although it remains possible that
they are ubiquitylation targets (Table S1). Several contain one or two polymeric histidine
motifs (e.g. urease accessory protein and La-containing protein), suggesting that they
naturally bind to immobilized nickel.

Initial trials from several MudPIT MS analyses using young green Arabidopsis seedlings
identified 44 non-redundant candidate ubiquitylated proteins. Because a number of the
peptides identified matched several isoforms of the same protein, a total of 77 targets were
possible (e.g. the a, d and e isoforms of cell-division-cycle-48 (CDC48); Table 1). None of
the proteins on the list are confined to the internal space of the chloroplast or mitochondrion,
which are not a priori ubiquitylome candidates, thus supporting the stringency of the
enrichment method. Notably, this list includes several proteins whose half lives were
predicted by genetic studies to be controlled by ubiquitylation, such as EIN3 (Binder et al.,
2007) and JAZ6 (Katsir et al., 2008), or that are known to be short lived in plants (e.g.
phenyalanine ammonia lyase; Lamb et al., 1979). We also found orthologs to a set of yeast
and mammalian proteins that have previously been reported to be ubiquitylated by MS/MS
analysis or direct biochemical assays, including several ribosomal subunits, elongation
factor 1la (EF1a), and the heat-shock proteins HSP70 and HSP81 (Peng et al., 2003; Mayor
and Deshaies, 2005; Denis et al., 2007). Like the yeast studies, we also identified several
proteins in the UPS; included in our list were CDC48, the E3 ligase UPL2, the 26S
proteasome subunit RPN1a, and the de-ubiquitylating enzyme UBP12/13. Finally, we
obtained a set of proteins whose modification by ubiquitylation had not previously been
recorded, including Diminuto-1 and the |AA-alanine resistance protein-1 precursor.

Detection of Ub attachment sites

A key feature of the MS/MS approach is the ability to detect potential Ub attachment sites in
the spectra of trypsin digests as a Ub footprint, consisting of a missed lysine cleavage in the
peptide, together with a lysine residue increased in mass by two glycines (114 kDa) (Figure
3a). To confirm our ability to detect Ub footprints, we synthesized a bifurcated peptide
resembling an internal fragment of Ub (residues 43-55) modified at Lys48 with the five C-
terminal residues of a second Ub moiety (Figure 3b). MS analysis following extended
trypsinization detected only a 1460.8 Da peptide, reflecting a single cleavage between
Arg73 and Gly74 of the short extension, and found no evidence for cleavage after Lys48 of
the main chain. MS/MS analysis further identified the Ub footprint in this peptide as a 242.1
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Da separation between the y6 and y7 ions, which corresponds to the loss of an isopeptide-
linked Lys-Gly-Gly sequence between the peptide fragments (Figure 3c).

When our database of MS/MS spectra was analyzed for peptides containing a lysine that
was not cleaved by trypsin and was conjugated to di-glycine (increased mass of 114 Da), we
identified 10 proteins with a Ub footprint, seven of which were new ubiquitylation
candidates (Table 2). In two cases (histone H1.2 and EF1a), two Ub attachment sites were
found. Whereas the ubiquitylation sites on histone H1.2 at Lys 156 and Lys165 were
detected separately in two different peptides (Figure S2), the two on EFla (Lys438 and
Lys441) were detected in the same peptide, implying that EF1a can be ubiquitylated
simultaneously at two sites. It was reported recently that trypsin can still attack lysines
modified with Ub, thus questioning missed trypsin cleavage as a criterion for identifying Ub
footprints (Denis et al,, 2007). When this caveat was used to re-search the MS/MS dataset,
three additional proteins with potential Ub footprints were identified (cytochrome P450
71B7, patellin-1 and DNA methyltransferase 2; Table 2). In total, 15 Ub footprints on 13
targets were identified (Table 2). Combined with the collection identified without a Ub
footprint (Table 1), our MS analyses detected 54 non-redundant ubiquitylation targets
collectively expressed in Arabidopsis as 90 possible isoforms.

Ubiquitylation sites on Ub

Previous MS/MS analysis of Ub conjugates from Arabidopsis suspension cells purified by
only a Ub-binding column (UBA or UIM) detected a number of peptides from Ub itself that
contained Ub footprints (Maor et al., 2007). In total, five of the seven lysines were found to
be modified, with the order of abundance being Lys48 > Lys63 > Lys11 > Lys33 > Lys29.
Here, we confirmed this result, and identified Lys6 as another Ub linkage site (Figure 4,
Table 2 and Figure S1). In addition, we found a Ub peptide with two Ub footprints at Lys29
and Lys33 (Figure 4d). An identical di-ubiquitylated peptide was detected in yeast (Peng et
al., 2003; Tagwerker et al., 2006), which, taken together with the results of our study,
provides evidence that branched mixed-linkage Ub chains are assembled /7 vivo. The
relative abundance of each Ub footprint (Table 3) matched reasonably well with the prior
Arabidopsis study (Maor et al., 2007), with subtle differences probably reflecting the
preferences of the Ub-binding domains and the various purification strategies employed.

DISCUSSION

Comprehensive analysis of the plant ubiquitylome clearly requires stringent methods to
purify Ub conjugates and then identify the targets in these complex mixtures. While
MudPIT MS approaches have shown great promise in plants, as in animals, a major
limitation is the ability to adequately enrich for ubiquitylated species beforehand.
Challenges with plants include the sheer number of possible Ub conjugates, their diverse
array of Ub linkages, their low abundance, and their instability following extraction. While
single-step purifications using Ub-binding domains have shown promise (Maor et al., 2007;
Manzano et al., 2008), we found that additional steps(s) are necessary to avoid
contamination with non-ubiquitylated species and proteins that non-covalently interact with
Ub or the column matrix.

Our strategy combines tandem Ub-affinity and Ni-NTA purification steps with use of a
transgenic Arabidopsis line expressing high levels of 6xHis-tagged Ub. Prior studies
demonstrated that 6xHis-tagged Ub can be readily incorporated into Ub conjugates in yeast
and animals, and appears to be biologically equivalent to wild-type Ub in yeast (Ling et a.,
2000; Peng et al., 2003; Kirkpatrick et al., 2005; Mayor et al., 2005). While this functional
similarity has not yet been unequivocally demonstrated in plants, we and others have shown
that 6xHis-tagged Ub can be conjugated to proteins /n planta (Ling et a/., 2000 and this
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paper). Furthermore, we found that high level expression of 6xHis-tagged Ub with a
MHHHHHHGGGGGA extension does not compromise the growth and development of
Arabidopsis or demonstrably interfere with the UPS. The advantages of 6xHis-tagged Ub
purification include the ability to: (i) bind, wash and elute Ub conjugates under strong
denaturing conditions (8 v urea), (ii) utilize a purification step that is not dependent on
recognition of the Ub moiety, (iii) enrich for Ub conjugates regardless of the topological
nature of bound Ubs (mono-versus poly-ubiquitylation at various internal lysines), and (iv)
re-use of the matrix. Here, we employed a UBA domain for the first enrichment step. As this
domain preferentially binds poly-ubiquitylated proteins bearing Lys48-linked Ub chains (a
conclusion supported by our MS analysis of Ub linkages; Table 3), the final preparations
were probably enriched in proteins awaiting degradation by the UPS. In the future, other
Ub-binding domains [e.g. UIM, p62, pleckstrin, motif interacting with Ub (MIU) and ZnF-
UBP domains (Harper and Schulman, 2006; Schreiner et a/., 2008)] could also be exploited
for the first enrichment step. Because some prefer Ub monomers or Ub polymers internally
linked through other Ub lysines (e.g. Lys6 and Lys63), it may be possible to obtain subsets
of Ub conjugates (Mayor et al.,, 2007), and thus focus on other processes regulated by
ubiquitylation (e.g. vesicular trafficking, chromatin remodeling or DNA repair).

Although the prior method described by Ling et a/. (2000) showed poor recovery of 6xHis-
tagged Ub conjugates by Ni-NTA chromatography, our new tag offered increased yield. A
possible reason is our extension of the 6xHis tag further beyond the Ub moiety to improve
access to the Ni-NTA resin. Another reason could be the increased incorporation of 6xHis-
tagged Ub into Ub—protein conjugates, which was achieved by higher expression of the
tagged Ub relative to the endogenous pool of wild-type Ub. The optimal situation would be
complete replacement of wild-type Ub with the tagged variant as has been done in yeast
(Peng et al.,, 2003). Unfortunately, this approach is impractical in plants where Ub is
encoded by large gene families (e.g. 14 UBQ coding genes in A. thaliana; Callis et al.,
1995). As an alternative, we created a transgene expressing a polymeric Ub chain tandemly
expressing six 6xHis-tagged Ub moieties that exploited the activities of endogenous de-
ubiquitylating enzymes to release Ub monomers. Previous studies with a range of
engineered Ub fusions imply that these de-ubiquitylating enzymes can readily process such
synthetic translationally linked Ub polymers /n planta (Hondred et al., 1999; Walker and
Vierstra, 2007).

We attempted to further increase the 6xHis-tagged Ub/Ub ratio by combining the 6His-UBQ
transgene with T-DNA insertion mutants disrupting two of the highest expressed poly- UBQ
genes, UBQ3and UBQI0. Unfortunately, neither transgene/mutant combination improved
the ratio (data not shown). One reason could be that disruption of these two UBQ genes by
themselves is insufficient to reduce the Ub pool. As transcription of the poly-UBQ gene
UBI4in yeast appears to be feedback-regulated by Ub availability (Swaminathan et af.,
1999; London et al., 2004; Hanna et al., 2007), another possible reason is that expression of
the remaining endogenous Arabidopsis UBQ genes is up-regulated upon inactivation of
UBQ3and UBQ10. Several of our 6His-UBQ transgenic lines showed a gradual and
sometimes rapid decline in the levels of free 6xHis-tagged Ub in subsequent generations.
We presume that this attenuation reflects epigenetic silencing of the transgene by the native
UBQ/oci (Becker et al., 1993). Consequently, care must be taken to select for stable, high-
expression lines during seed propagation and after introgression of the 6H/s-UBQ transgene
into various mutant backgrounds.

One approach to increase the yield of Ub conjugates on Ni-NTA columns is to exploit a
K48R variant that terminates poly-ubiquitylation (Ling et a/., 2000). Our strategy
deliberately avoided this mutation, given its potential to slow Ub conjugate turnover by
either shortening the length of the Ub chain or interfering with its recognition by Ub

Plant J. Author manuscript; available in PMC 2013 April 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Saracco et al.

Page 9

receptors. Collectively, these effects could artifactually alter the pool of native Ub
conjugates. Previous studies showing that high-level expression of K48R or K63R Ub
substantially compromises plant growth illustrate the risk (Bachmair et al., 1990; Becker et
al,, 1993; Schlogelhofer et al, 2006; Yin et al.,, 2007).

Although the tandem affinity strategy appears to be an improvement over current single-step
methods, we acknowledge that the protocol still requires optimization. While approximately
50% of the immunodetectable Ub conjugates in crude extracts could be enriched by the
GST-UBA step, only approximately 5% were retained and eluted from the Ni-NTA
column. Most Ub conjugates did not bind, suggesting that: (i) accessibility of the 6xHis tag
to the Ni-NTA resin requires improvement, (ii) increased incorporation of 6xHis-tagged Ub
into conjugates is required, and/or (iii) improved conditions are needed to bind the 6xHis-
tagged Ub moieties to the chelated nickel.

Our list of ubiquitylated proteins further extends the ubiquitylome in plants beyond the
attempts described recently (Maor et al., 2007; Manzano et al., 2008). The three lists show
little overlap both in terms of protein detection and Ub footprints (see Tables 1 and 2),
implying that the current collective coverage is far from complete. The list presented here is
significantly enriched (26 of 54 candidates) in proteins that were previously expected to be
targets of ubiquitylation, either by genetic analyses, reports of a short-half life, or by
comparison with initial descriptions of the yeast and animal ubiquitylomes. While this
preponderance suggests that the tandem UBA/Ni—-NTA purification strategy more
effectively purifies ubiquitylated proteins compared to the single-step methods, more
exhaustive MS/MS analyses are required to confirm this possibility. It should also be noted
that a number of prominent ubiquitylation targets are conspicuously absent from our and
previous lists (this paper; Manzano et al., 2008; Maor et al., 2007), including AUX/IAA
proteins, histone H2B, ABI5 and phyA. Some omissions may reflect the low abundance or
rapid turnover of these ubiquitylated species (AUX/IAA proteins), proteins with Ub
topology that does not interact well with UBA domains (mono-ubiquitylated histone H2B),
the lack of depth in the MS analysis, or the analysis of Arabidopsis tissues where these
targets are not abundant (ABI5 and phyA). As with previous MS/MS studies with
Arabidopsis (Maor et al., 2007) and other organisms (Hitchcock et af., 2003; Peng et al.,
2003; Mayor et al., 2005), we detected potential Ub attachment sites for several proteins.
We also found little sequence consensus adjacent to the modified lysine (Table 2), implying
that the residues surrounding the Ub-binding site are not important determinants for
ubiquitylation, except that the region must be solvent-exposed.

Several ubiquitylated proteins listed here deserve discussion. EIN3 and JAZ6 have been
shown to be key regulators of ethylene and jasmonic acid perception, with their turnover
helping to restrain signaling in the absence of the hormone and dampen continued signaling
afterwards. EIN3 and JAZ6 turnover has been inferred to be directed by Ub ligation through
genetic analyses (Binder et al., 2007; Katsir ef al., 2008), and our study confirms that they
are indeed ubiquitylated. Although the core histone H2B has been demonstrated to be
reversibly ubiquitylated in Arabidopsis as it is in other eukaryotes (Fleury et al., 2007; Liu et
al,, 2007; Sridhar et al.,, 2007), little is currently known about ubiquitylation of the linker
histone H1. Our MS/MS sequence analyses identified two linkage sites in the H1.2 isoform,
involving Lys156 and Lys165 (Table 2 and Figure 2a,b). Mice and humans also ubiquitylate
histone H1, with the attachment site in the mouse protein being very close to that of its
Arabidopsis counterpart (Figure S2c) (Wang et al., 2002; Wisniewski et al., 2007). In
Drosophila, this modification appears to require TAF120, a conserved subunit of the TFIID
transcription factor complex, which uniquely contains both Ub-activating enzyme (E1)- and
Ub-conjugating enzyme (E2)-type activities (Pham and Sauer, 2000). A potential
Arabidopsis ortholog of TAF120 exists that could direct this modification.
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Our list is notably enriched for proteins within the UPS (CDC48, the E3 ligase UPL2, the
26S proteasome subunit RPN1a, and the de-ubiquitylating enzyme UBP12/13), involved in
translation (ribosomal subunits L7a, L8 and S3, the translation initiation factor elF-1A, and
EFla), and/or membrane-associated (VAMP7B and patellin-1). Given the harsh conditions
used for the Ni-NTA chromatography, it is unlikely that the UPS components were isolated
based on their non-covalent affinity for Ub bound to other proteins, implying that they are
also ubiquitylated. One example is CDC48, which has a central role in the UPS-dependent
turnover of misfolded ER-resident proteins after their retrograde transport back to the
cytosol (Bar-Nun, 2005) and was reported to be ubiquitylated in yeast (Hitchcock et af.,
2003; Peng et al., 2003). Evidence for ribosomal subunits being ubiquitylated has been
presented previously for both Arabidopsis and yeast (Mayor et al., 2005; Tagwerker et al.,
2006; Maor et al., 2007; Kraft et al., 2008). This modification could represent a regulatory
step during ribosome assembly and/or translation, or implicate the UPS in the removal of
improperly folded subunits or entire ribosomes when they become non-functional or less
important upon cell starvation (Kraft et a/., 2008). The preponderance of membrane-
associated proteins is in agreement with the first analysis of the entire yeast ubiquitylome
(Peng et al., 2003), and was supported by subsequent MS analysis of ubiquitylated ER
proteins (Hitchcock et al., 2003). Collectively, it could further emphasize the importance of
ubiquitylation and the UPS in the catabolism and trafficking of membrane-associated
proteins.

Our data, combined with those of Maor ef a/. (2007), provide strong evidence that multiple
types of polymeric Ub chains are assembled in plants. In fact, we found that all lysines
except Lys27 are used as concatenation sites for additional Ubs. While it remains possible
that Lys27 can be ubiquitylated but that these footprints escape MS detection, a more likely
reason is that because of its epsilon amino group is not solvent-exposed it is inaccessible to
Ub-protein ligases (Figure 4a). Of the total of 397 Ub-Ub linkages detected here, we found
only one obvious MS spectrum diagnostic for the Lys63 linkage, compared to 354 for the
Lys48 linkage (Figure S1 and Table 3). Enrichment for Lys48 chains agrees with the
preference of RAD23 (HHR23A) for Lys48-linked poly-Ub chains (Raasi and Pickart, 2003;
Raasi et al., 2004). The paucity of Lys63 linkages observed here also suggests that mixed
Ub polymers bearing both Lys63 and Lys48 chains are not synthesized /n vivo. A
substantially higher percentage of Lys63 chains was detected after the single Ub-affinity
purification by Maor et al. (2007), which could reflect the different affinities of the Ub-
binding domains used for purification (UBA domains from AtUBP14 or HHR23A), or
differences between the tissue types examined (suspension cells versus whole seedlings). In
addition, we found evidence for a single Ub moiety simultaneously serving as the
concatenation site for two Ubs via Lys29 and Lys33. This raises the possibility that highly
complex mixed-linkage Ub chains exist involving any combination of the six Ub lysines. If
so, ubiquitylation could approach the complexity of protein glycosylation in forming a
multitude of branched polymers, each having their own functions and receptors. The first
proof of this possibility was the demonstration that such topologically complex polymers
can be assembled on a single substrate 7 vitro (Kirkpatrick et al.,, 2006).

While our list represents only a small fraction of the complete Arabidopsis ubiquitylome, it
is an important first step in understanding the extent of Ub conjugation in an intact untreated
plant. In addition to further optimization of the tagged Ub, its incorporation into conjugates,
and enrichment of the ubiquitylated species by alternative Ub-binding reagents, we now
hope to improve the depth of coverage by using of the next generation of mass
spectrometers with higher sensitivities, speeds and mass accuracies (e.g. linear trap
quadrupole mass spectrometers).
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EXPERIMENTAL PROCEDURES

Creation of plants expressing 6xHis-tagged Ub

The 6His-UBQ transgene was assembled using the third Ub coding region in AtUBQ11
(At4g05050; Callis et al.,, 1995) present in the plasmid p6169 (L.R. Ling and J. Callis,
Department of Molecular and Cellular Biology, University of California-Davis, unpublished
results). The start codon was mutated to encode an alanine residue (GCG) by Quikchange
site-directed mutagenesis (Stratagene, http://www.stratagene.com/). This plasmid was then
cut with Al to insert a double-stranded linker
TATGCATCACCATCACCATCACGGTGGAGGAGGTTCAGCGCA that encoded an N-
terminal extension of MHHHHHHGGGGGSA, with the alanine residue representing the
location of the original start methionine.

The 5" or 3’ ends of this 6His-Gly-UBQ fragment were then mutated to contain various
restriction sites by PCR, inserted into pBSKS (Stratagene), digested with the appropriate
restriction enzymes, and then connected sequentially to generate a poly- UBQ gene
expressing six tandem Ub repeats. Coding region pSS31 was generated with Xbal and Ndel
sites at the 5" end and a Sp#l site at the 3" end by PCR using primer 1 (5'-
GTTCTAGACATATGCATCACCATCACCAT-3") and primer 2 (5-
ATGCATGCCACCACGGAGACGGAG-3). The coding frame pSS32 was generated with
an Sphl site at the 5" end, and an Asel site, a stop codon, an A/el site and a Kpnl site at the
3’ end by PCR using primer 3 (5"-GTGCATGCATCACCATCACCAT-3") and primer 4
(5"-ACTCTAGAGCTAGCTCAATTAATGCCACCACGGAGACGGAG-3"). Coding
frame pSS33 was generated with Sp/l sites at the 5" and 3" ends by PCR amplification with
primers 2 and 3. Sequence-verified and digested fragments pSS31 and pSS32 were ligated to
create the di- UBQ coding region pSS34. This plasmid was then cut with SpAl and ligated
with a similarly digested pSS33 fragment to create the tri- UBQ coding region pSS35. To
create the hexa- UBQ coding region, the Xbal/Asel-digested UBQ fragment from pSS35 was
ligated into Ndel/ Xbal-digested pSS35 to create pSS36, with six tandem 6His-UBQ coding
frames followed by a stop codon. pSS36 was then cut with Xbal/ Nhel and ligated into Xbal-
digested pGSVE9 (E. Babiychuk and S. Kushnir, Department of Plant Systems Biology,
Flanders Institute of Biotechnology, Belgium, unpublished results) between the CaMV 355
promoter and the Agrobacterium tumefaciens nopaline synthase (NOS) 3" untranslated
region.

The 6His-UBQ transgene was introduced into A. tumefaciens and then into A. thaliana
ecotype Columbia-0 (Col-0) via the floral-dip method as described previously (Clough,
2005). Transformants were selected on the basis of hygromycin B resistance (Sigma, http://
www.sigmaaldrich.com/) and by immunoblot detection of 6xHis-tagged Ub using anti-Ub
antibodies.

Plant growth conditions and phenotypic analyses

Avrabidopsis thaliana ecotype Col-0 seeds were stratified for 3 days at 4°C in the dark and
then sown in liquid Gamborg’s B-5 medium (GM) (Sigma) containing 2% sucrose and 0.5
g/l 4-morpholineethanesulfonic acid (MOPS), with the pH of the medium adjusted to 5.7
using KOH. Solid GM contained 0.7% agar.

phyA degradation was analyzed using 5-day-old etiolated seedlings exposed to 142 pmol
m~2 sec™! red light (660 nm) provided by light-emitting diodes. ABI5 levels were assessed
in light-grown seedlings grown for 5 days in liquid GM medium and then exposed for
various times to 50 v ABA (Sigma). Crude extracts were subjected to SDS-PAGE and
immunoblot analysis using a monoclonal antibody against oat phyA (Oat-22; Cordonnier et
al., 1985) or polyclonal anti-ABI5 antibodies (Stone et al., 2006) in conjunction with
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appropriate horseradish peroxidase-conjugated secondary antibodies (KPL, http://
www.kpl.com). Trichomes were examined on the first true leaf of 14-day-old wild-type and
6His-UBQ plants grown on solid GM under continuous white light. For root elongation,
seeds were germinated on solid GM for 5 days under a long-day photoperiod (16 h light/8 h
dark). The plants were then transferred to solid GM medium containing various amounts of
canavanine (Sigma), p-fluorophenylalanine (Sigma) or MG132 (Biomol, http://
www.biomol.com) and grown vertically for an additional 7 days.

Preparation of UBA-affinity beads

A plasmid encoding the UBAL and 2 domains of human HHR23A protein fused to the C-
terminus of GST (Raasi and Pickart, 2003) was obtained from S. Rassi and C. Pickart
(Department of Biochemistry, Johns Hopkins University). The GST-UBA protein was
expressed in BL21 pLysS Escherichia coli, purified by glutathione Sepharose 4B
chromatography (GE Biosciences, http://www.gehealthcare.com), and dialyzed overnight
against 50 mm MOPS (pH 7.5). The protein was coupled to Affi-Gel 15 (Bio-Rad, http://
www.bio-rad.com/) overnight at 4°C at a concentration of 15 mg ml~L. The coupled beads
were quenched using 100 mwm Tris/HCI (pH 7.5), washed with 10 volumes of MOPS,
followed by 10 volumes of extraction buffer (EB: 200 mm NaCl, 25 mwm Tris/HCI pH 7.2 and
0.25% Triton X-100), and finally with 10 volumes of EB plus 2 » NaCl, and then stored at
4°Cin EB.

Purification of Ub—protein conjugates

Wild-type and 6H/7s-UBQ plants were grown for 10 days under continuous light at 26°C in
liquid GM, harvested and blotted dry, rapidly frozen in liquid nitrogen, and then stored at
—80°C until use. Frozen tissue (approximately 100 g) was pulverized at the temperature of
liquid nitrogen, and then mixed with 0.5 g mI~1 EB containing freshly added 1x protease
inhibitor cocktail (Roche, http://www.roche.com), 2 mm phenylmethanesulfonyl fluoride, 10
mw iodoacetamide and 10 mm sodium metabisulfite. Unless noted, all subsequent
manipulations were performed at 4°C. The homogenate was filtered through two layers of
Miracloth (EMD Biosciences, http://www.emdbiosciences.com) and clarified at 27 000 g for
20 min.

Homogenates equivalent to 20 g of tissue were gently mixed with 500 p.l of the GST-UBA
beads for 1.5 h at 4°C, collected by centrifugation at 500 g for 5 min, and washed three
times with EB and twice with EB plus 2 » NaCl. Bound proteins were eluted with 2 ml urea
buffer (8 » urea, 100 mm NaH,POy4, 10 mwm Tris/HCI pH 8.0) at room temperature. Imidazole
and iodoacetamide were added to final concentrations of 20 and 10 mw, respectively, and the
eluant was incubated for 1 h with 100 .l of Ni-NTA agarose (Qiagen, http://
www.giagen.com/) pre-equilibrated in the same buffer. After collection by centrifugation at
500 g for 5 min, the beads were washed once in urea buffer plus 0.5% SDS, twice in urea
buffer plus 0.5% Triton X-100 and 20 mwv imidazole, and three times in urea buffer. Bound
proteins were eluted with 400 mw imidazole in urea buffer. Multiple eluants were pooled and
concentrated using a 10 kDa molecular weight cut-off Microcon concentrator (Millipore,
http://www.millipore.com). After SDS-PAGE, 6xHis-tagged Ub conjugates were detected
by immunoblot analysis with anti-Ub (Smalle et a/., 2003) and anti-5His (Novagen, http://
www.emdbiosciences.com) antibodies.

Mass spectrometry

Ubiquitylated protein mixtures (100 pl) were carbamidomethylated in the dark by reduction
with 10 mm DTT, followed by alkylation with 30 mw iodoacetamide for 1 h, and quenching
of the iodoacetamide with 20 pl of 200 mu DTT for 1 h. The reaction mixture was kept at
room temperature to minimize the addition of acetamide groups to lysine residues (Nielsen
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et al.,, 2008; J. Peng, Emory University School of Medicine, unpublished results). Samples
were diluted 10-fold with 25 mv ammonium bicarbonate, and incubated at 37°C for 12 h
with 2 pg trypsin (Trypsin Gold, mass spectrometry grade, Promega, http://
www.promega.com/) followed by a second 6 h incubation with an additional 2 g of
trypsin. A synthetic peptide corresponding to the five C-terminal residues of Ub (RLRGG)
linked at Lys48 via an isopeptide bond to the internal Ub fragment (LIF-AGKQLEDGR)
(see Figure 3b) was synthesized by the University of Wisconsin Peptide Synthesis Facility,
and purified to 98% by preparative HPLC. This peptide was trypsinized as above before MS
analysis.

Trypsin digests were desalted using a C18 solid-phase extraction pipette tip (SPEC PT C18,
Varian Inc., http://www.varianinc.com), vacuum-dried, and reconstituted in 20 pl of 95%
H,0, 5% acetonitrile and 0.1% formic acid. The desalted trypsin digests were then loaded
on a fused-silica microcapillary column and subjected to MudPIT MS analysis (Washburn et
al., 2001; Wolters et al., 2001), involving a uHPLC system connected to an ESI ion-trap
mass spectrometer (Surveyor HPLC and LCQ deca XPplus, ThermoElectron, http://
www.michrom.com). The HPLC separation utilized a fused-silica, fritless microcapillary
column (100 uwm inside diameter, 365 wm outside diameter) packed with 10 cm of C18 resin
(Magic C18, Michrom Bioresources Inc., http://www.michrom.com) followed by 3 cm of
cation-exchange (SCX) resin (polysulfoethy A, Western Analytical Products Inc., http://
www.westernanalytical. com). The tip at the end of the fused-silica capillary was pulled
using a P-2000 laser puller (Sutter Instruments Co., http://www.sutter.com). The capillary
column was connected to the HPLC through a PEEK microcross, with a platinum wire
inserted into the flow-through to supply a spray voltage of 1.8 kV. Six separate salt-elution
steps (0, 25, 62.5, 125, 200 and 500 mm ammonium acetate, pH 7.0) were performed for 2
min each, each followed by a 5-95% acetonitrile reverse-phase gradient in 0.1% formic acid
at a flow rate of 300 nl min~1. Each reverse-phase step began with 5% acetonitrile for 25
min, a gradient of 5-35% acetonitrile over 150 min, 35-65% acetonitrile over 60 min, and
then 65-95% acetonitrile over 10 min. The ion-trap mass spectrometer was set up to run in
‘biggest 3’ mode. A full-mass scan was performed between /7/z 400 and 1500, followed by
three MS/MS scans of the three highest-intensity parent ions at 45% relative collision
energy. Dynamic exclusion was enabled, with a repeat count of 3, an exclusion duration of 1
min, and a repeat duration of 20 min.

Mass spectrometry data analysis

The acquired MS/MS spectra were searched against the A. thaliana Col-0 protein database
(TAIR7 genome release of 23 April 2007) using the SEQUEST program (ThermoFinnigan,
http://www.thermo.com) (Eng et al., 1994). Sequences for 6xHis-tagged Ub, GST-UBA,
trypsin and major human keratin were included in the database to decrease the false-positive
rate. Masses for both precursor and fragment ions were treated as mono-isotopic. The mass
shift of 114.1 Da for lysine residues was included as a variable modification to determine
ubiquitylation sites. Oxidized methionine (+16 Da) and carbamidomethylated cysteines (+57
Da) were also set as variable modifications. The initial search was set to allow for up to two
missed trypsin cleavages at ubiquitylated lysines (Figure 3) (Peng et al., 2003), with a
follow-up data analysis that permitted this cleavage (Denis et al., 2007).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Biochemical and phenotypic analyses of Arabidopsis plants expressing 6xHis-tagged
Ub

(a) Diagram of the synthetic poly-6His-UBQ gene that directs synthesis of six tandem
repeats of 6xHis-tagged Ub expressed under the control of the CaMV 355 promoter. The
sequence of the 6xHis tag added to the N-terminus of each UBQ coding region is shown.
(b) Accumulation of 6xHis-tagged Ub in transgenic 6H/s-UBQ plants. Equal amounts of
crude protein extracts from wild-type and 6His-UBQ plants were subjected to SDS-PAGE
and immunoblot analysis with anti-Ub antibodies. The migration positions of wild-type and
6xHis-tagged Ub monomers, homo- and heterodimers, trimers and higher-molecular-mass
Ub conjugates (Ub Conj) are indicated.

(c) Effects of 6His-UBQ expression on the sensitivity of root growth to 5 um canavanine
(Can), 5 pm p-fluorophenylalanine (pFP) or 50 wm MG132. Each bar represents the mean for
18 seedlings (£SE).

(d) Effects of 6His-UBQ expression on trichome branching. Trichome branch numbers (2, 3
or 4) were recorded for the first true leaves of 14-day-old plants of wild-type and 6H/s-UBQ
plants. Each bar represents the percentage in each category for at least 10 trichomes
measured from each of 20 plants.

(e) Effects of 6His-UBQ expression on the turnover of two UPS targets — phyA and ABI5.
Top: degradation rate of phyA in etiolated seedlings exposed to continuous red light (R) as
detected by immunoblot analysis of crude extracts with an anti-phyA monoclonal antibody.
Bottom: Accumulation of ABI5 in 5-day-old green seedlings exposed to 50 pm ABA as
detected by immunablot analysis of crude extracts with anti-ABI5 antibodies. Tissue was
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collected at the indicated times after red-light or ABA exposure. Immunoblot analyses of the
26S proteasome P1 subunit PBA1 were included to confirm equal protein loading.
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Figure 2. Tandem affinity purification of Ub conjugates from Arabidopsis expressing 6HissUBQ
(a) Enrichment of Ub conjugates. Crude extracts from 10-day-old green wild-type (WT) and
6His-UBQ seedlings were subjected to GST-UBA and Ni-NTA chromatography (see
Experimental procedures), separated by SDS-PAGE, and either stained for total protein
using silver or subjected to immunoblot analysis with anti-Ub or anti-5His antibodies. The
arrowheads indicate the migration position of GST-UBA, monomeric Ub and 6xHis-tagged
Ub.

(b) Enrichment of phyA-Ub conjugates by GST-UBA affinity chromatography. Five-day-
old etiolated wild-type seedlings were irradiated for 1 h with red light, homogenized, and the
resulting crude extract was subjected to chromatography on either a GST or GST-UBA
column. Bound proteins were eluted with SDS-PAGE sample buffer and subjected to SDS—
PAGE and immunoblot analysis with an anti-phyA monoclonal antibody. Non-modified and
Ub-conjugated forms of phyA are indicated.
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Figure 3. MS/M Sidentification of Ub conjugation sites

(a) Flow diagram for creating a Ub footprint following digestion of Ub conjugates with
trypsin. Arrows show the sites that are predicted to be cleaved by trypsin, generating a
peptide containing a lysine (K) that is not cleaved by trypsin and is modified by a di-glycine
adduct of 114 Da.

(b) Sequence of a synthetic peptide resembling an internal fragment of Ub containing a
second Ub conjugated via an isopeptide bond to Lys48. The arrow indicates the only trypsin
cleavage site.

(c) MS/MS spectrum of the Lys48 Ub footprint peptide generated by trypsinization of the
peptide shown in (b). The spectrum was generated by collision-induced dissociation of the
doubly protonated molecular ion (m/z= 730.9) using an ESI ion-trap mass spectrometer.
The diagnostic mass shift of 242.1 Da of the modified lysine is indicated.
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Figure4. MS/M Sidentification of Ub attachment siteson Ub itself at Lys48 and Lys6, and
evidence for a mixed-linkage Ub chain conjugated at both Lys29 and Lys33

(a) 3D structure of Ub highlighting the positions of the seven lysines (K) in Ub (adapted
from Vijay-Kumar et al., 1987). Black, light gray and dark gray lines represent a-helix, -
strand and random coil secondary structures, respectively.

(b—d) MS/MS spectra of the Lys48, Lys6 or Lys29 + 33 Ub footprint peptides obtained from
tandem affinity-enriched Ub conjugates after trypsinization. The spectra were generated by
collision-induced dissociation of the doubly protonated molecular ions using an ESI ion-trap
mass spectrometer. Diagnostic b (N-terminal) and y (C-terminal) ions and the signature
mass shift of 242.1 Da for the modified lysines (b,c) are indicated. The subscript ++
indicates doubly charged fragment ions.

(b) Full-size fragmentation spectrum for the molecular ion (m/z= 730.9) containing the Ub
peptide residues 43-55 with a Ub footprint at Lys48.

(c) Full-size fragmentation spectrum for the molecular ion (/m/z = 698.4) containing the Ub
peptide residues 1-11 with a Ub footprint at Lys6.

(d) Full-size fragmentation spectrum for the molecular ion (/2= 976.0) containing the Ub
peptide residues 28-42 with Ub footprints at Lys29 and Lys33. The respective peptide
sequence is shown above each spectrum.
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Table 3

Detection of Ub-Ub linkages in Arabidopsis?

Intra-Ub—Ub linkage  Number of peptides

Per centage of total

Valuesin Maor et al. (2007)

Number of peptides

Per centage of total

Lys6 4 1.0 0 0.0
Lys11 15 3.8 28 8.9
Lys27 0 0.0 0 0.0
Lys29 19 4.8 8 2.6
Lys33 3 0.8 19 6.1
Lys29 + Lys33 1 0.3 0 0.0
Lys48 354 89.2 197 62.9
Lys63 1 0.3 61 19.5
Total 397 313

aData from the present study were assembled from five independent MS/MS analyses.
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