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AtUBP3 and AtUBP4 are two closely related Arabidopsis thaliana
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Abstract The ubiquitin-specific proteases (UBPs) are a
class of enzymes vital to the ubiquitin pathway. These
enzymes cleave ubiquitin at its C-terminus from two
types of substrates containing (i) ubiquitin in an ¢-amino
linkage, as found in the primary ubiquitin translation
products, polyubiquitin and ubiquitin-ribosomal fusion
proteins, or (ii) ubiquitin in an ¢-amino linkage, as found
in multiubiquitin chains either unattached or conjugated
to cellular proteins. We have isolated cDNAs for two
Arabidopsis thaliana genes, AtUBP3 and AtUBP4, which
encode UBPs that are 93% identical. These two cDNAs
represent the only two members of this subgroup and
encode the smallest UBPs described to date in any or-
ganism. Using in vivo assays in Escherichia coli that
allow the coexpression of a UBP with a putative sub-
strate, we have shown that ArUBP3 and ArUBP4 can
specifically deubiquitinate the artificial substrate Ub-X-
p-gal but cannot act upon the natural a-amino-linked
ubiquitin fusions Arabidopsis Ub-CEP52 and Arabi-
dopsis polyubiquitin. Affinity-purified antibody pre-
pared against AtUBP3 expressed in E. coli recognizes
both AtUBP3 and AtUBP4. AtUBP3 and/or 4:UBP4
are present in all Arabidopsis organs examined and at
multiple developmental stages. Subcellular localization
studies show that AtUBP3 and/or AtUBP4 are present
in nuclear extracts. Possible physiological roles for these
UBPs are discussed.
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Introduction

Ubiquitin, an abundant 76 amino acid polypeptide, is
synthesized both as a fusion protein with one of two
ribosomal proteins and as a polyprotein comprising an
uninterrupted head-to-tail tandem array of ubiquitin
units. The translation products of all ubiquitin genes are
enzymatically cleaved to produce functional ubiquitin
monomers, which are then covalently attached to
cellular proteins via the C-terminus of ubiquitin and the
e-amino groups of lysine residues of the substrate pro-
teins. This linkage is referred to as an ¢-amino linkage or
an isopeptide bond. Ubiquitination is catalyzed by three
enzymes; ubiquitin-activating enzyme (El), one of a
family of ubiquitin-conjugating enzymes (E2s), and
possibly one of a family of recognition proteins (E3s)
(reviewed in Jentsch 1992). Ubiquitin can also become
attached to one of several lysine residues on another
ubiquitin to create multiubiquitin chains (Chau et al.
1989). Multiubiquitination has been hypothesized to be
a necessary, but not sufficient, tag that targets most
proteins for degradation by the 26S protease complex
(Chau et al. 1989). In several cell types, including eryth-
rocytes, reticulocytes, Ehrlich ascites tumor cells and
HeLa cells, there are pools of both labile and stable
multiubiquitinated proteins (Hershko et al. 1982; Hass
and Bright 1985; Carlson et al. 1987). Why some mul-
tiubiquitinated proteins are rapidly degraded while
others are stable remains unknown.

Deubiquitinating enzymes function in the ubiquitin
pathway in several places (reviewed in Rose 1988;
Hershko and Ciechanover 1992). Deubiquitinating en-
zymes catalyze the hydrolysis of two types of peptide
bonds: the peptide bond between the C-terminus of
ubiquitin and the ¢-amino group of another protein, as
in the processing of primary ubiquitin translation
products to monomers, or the isopeptide bond between
the C-terminus of ubiquitin and the lysyl ¢-amino group
of another protein or peptide. A variety of isopeptide
linkages are possible. The C-terminus of free ubiquitin



can become modified by cellular nucleophiles, so
deubiquitinating enzymes are needed to remove these
modifications. Ubiquitin monomers are recycled fol-
lowing degradation by the 26S protease complex;
deubiquitinating enzymes disassemble the multiubiqui-
tin chain and free the final ubiquitin monomer from the
remaining residues of the degraded protein. Some
deubiquitinating enzymes appear to perform an editing
function to control the fidelity of the conjugation pro-
cess, thus preventing inappropriate degradation of cel-
lular proteins.

Such functional diversity suggests an equivalent di-
versity of the enzymes responsible. Two families of
deubiquitinating enzymes have been identified on the
basis of in vitro activities and/or sequence identity. The
ubiquitin carboxyl-terminal hydrolases (UCHSs) are
small (approximately 25 kDa) thiol proteases that share
amino acid sequence identity and cleave esters and
amides from the C-terminus of ubiquitin (reviewed in
Wilkinson 1994). Unrelated in sequence to the UCHs
are the ubiquitin-specific proteases (UBPs), a large
family of proteins differing greatly in size but charac-
terized by sequence similarity in several regions: the Cys
box, the His box, and two other blocks of amino acid
sequence identity (Wilkinson et al. 1995).

For several of the UBPs, in vivo roles are beginning
to be elucidated. Two UBPs appear to be involved in the
regeneration of ubiquitin monomers. The yeast DO A4
gene, essential for normal degradation of the MATa2
repressor, encodes a UBP. doa4 mutants accumulate
ubiquitin with small peptide fragments attached, pre-
sumably owing to an inability to free the final ubiquitin
monomer following degradation by the 26S protease
complex (Papa and Hochstrasser 1993). Isopeptidase T
is a UBP that is able to disassemble polyubiquitin chains
(Chen and Pickart 1990). Isopeptidase T requires
ubiquitin with a free C-terminus so it appears that this
enzyme is responsible for disassembling free multi-
ubiquitin chains (Wilkinson et al. 1995).

Other UBPs might monitor the fidelity of the con-
jugation process to prevent untimely proteolysis. The
fat facets gene, involved in the development of Droso-
phila eyes and embryos (Fischer-Vize et al. 1992), en-
codes a UBP (Huang et al. 1995). Because the mutant
phenotype is suppressed in a genetic background that
also has reduced proteasome activity, the Fat facets
protein is hypothesized to act by deubiquitinating a
regulatory protein, preventing its degradation (Huang
et al. 1995).

Although no direct link to an inhibition of proteolysis
has been established for other UBPs, some might act in a
similar fashion. Alternately, some UBPs might change
the ubiquitination state of a substrate protein, thus al-
tering its activity. ScUBP3 interacts with the SIR4
protein, which is required for transcriptional silencing,
and ScUBP3 deletion strains show an increase in si-
lencing. This suggests that ScUBP3 normally deubiqui-
tinates and either stabilizes a protein necessary for the
inhibition of silencing or renders the silencing complex
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inactive (Moazed and Johnson 1996). When overex-
pressed, DUB-1, a mammalian UBP, results in cell cycle
arrest. This suggests that DUB-1 acts upon some type of
growth factor, either inhibiting its proteolysis or influ-
encing its activity (Zhu et al. 1996).

To begin to elucidate the roles that UBPs play in
regulating the degradation or activity of proteins in
higher plants, we have isolated cDNAs that encode two
Arabidopsis thaliana UBPs, AtUBP3 and AtUBP4.
These closely related UBPs represent a subgroup of the
UBP family and are the smallest UBPs characterized to
date. We have demonstrated their expression in multiple
Arabidopsis organs and their presence in nuclear frac-
tions by Western blotting.

Materials and methods
Strains of Escherichia coli

The strains of E. coli used were: XL-1 Blue for plasmid rescue from
the AZAPII (Stratagene) cDNA expression library; BNN102 for the
AGT10 library screening; DHS« and JM101 for DNA manipula-
tion; JM101 for single-stranded DNA preparation; BW313 for
single-stranded DNA preparation for mutagenesis; DH5a for ex-
pression of MBPubpA138-371 and GSTA:UBP4 (see below);
MC4100 for in vivo UBP activity assays against Ub-R-f-gal or Ub-
M-f-gal; and BL21 for in vivo UBP activity assays against Ub-
CEPS52 and polyubiquitin. Standard techniques were used for all
work with E. coli (Sambrook et al. 1989).

Isolation of AtUBP3 cDNA

Plasmids were rescued from a cDNA expression library in AZAPII
of immature flowers of Arabidopsis Landsberg erecta (Weigel et al.
1992), as described by Stratagene. From 5 x 10° PFU (plaque-
forming units), 30 000 colonies containing the rescued cDNA Ili-
brary in pBluescript SK-(Stratagene) were obtained. Cells were
scraped from plates and plasmid DNA was isolated using standard
methods (Sambrook et al. 1989).

E. coli containing the plasmids pACUb-R-f-gal or pACUb-M-
p-gal (Baker et al. 1992) was transformed with the rescued plasmids
(described above), plated on Luria Broth containing ampicillin
(100 pg/ml), chloramphenicol (34 pg/ml), isopropyl p-p-thiogalac-
topyranoside (32 pg/ml), and 5-bromo-4-chloro-3-indolyl-f$-p-ga-
lactopyranoside (X-gal) (32 pg/ml), and incubated overnight at
37°C. Plates were stored at 4°C for 24-48 h to allow full devel-
opment of blue color. The plasmid pArUBP3 (p8015) was isolated
in this screen.

Isolation of 4tUBP4 cDNA and DNA sequencing

1.8 x 10° PFU of a cDNA library in AGT10 of immature flowers of
Arabidopsis Landsberg erecta (Yanofsky et al. 1990) were screened.
[**P]dCTP-labeled DNA probes were made from a 1.5 kb EcoRI-
Xhol fragment of p8015 (Feinberg and Vogelstein 1983). Plaque
lifts were made by standard protocols (Sambrook et al. 1989) onto
Biotrace RP membrane (Gelman Sciences). Hybridization was at
65°C in 3 x SSPE, 2 x Denhardt’s solution, 0.1% SDS, and
100 pg/ml salmon sperm DNA. Washing was done at 65°C in
3 x SSPE and 0.1% SDS. Phage DNA was isolated (Sambrook
et al. 1989) and a 1.35 kb EcoRI fragment containing the cDNA
ligated into the EcoRI site of pBluescript KS-(Stratagene) to create
pAtUBP4 (p8041).

For all DNA sequence analysis, single-stranded DNA was
produced by standard methods (Sambrook et al. 1989), and
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overlapping sequence in both directions of p8015 and p8041 was
determined by the dideoxynucleotide chain-termination method
(Sanger et al. 1977).

Southern blot hybridization of genomic DNA

Total cellular DNA of A4. thaliana ecotype Landsberg erecta was
isolated as previously described (Dellaporta et al. 1983). Digested
DNA (5 pg) was fractionated by electrophoresis in a 0.8% agarose
gel and transferred to Hybond-N membrane (Amersham) using
standard protocols (Sambrook et al. 1989). The [¢-**P]dCTP-la-
beled DNA probe used was the 1.5 kb EcoRI-Xhol fragment of
pAtUBP3 (p8015). Labeling, hybridization and washing were as
described above.

Construction of the E. coli expression vectors pMBPA:UBP
and pGSTArUBP4

Mutagenesis by the polymerase chain reaction (PCR) of the
cDNAs pAtUBP3 (p8015) and pAtUBP4 (p8041) was done to in-
troduce a BamHI site (underlined below) to allow AtUBP3 and
AtUBP4 to be encoded as fusions with the C-terminus of the
maltose-binding protein (MBP) encoded by pMAL-c2 (New
England Biolabs). The PCRs were done using 50 mM KCI,
10 mM TRIS-HCI, pH 9.0, 0.1% Triton X-100, 2.5 mM MgCl,,
0.05 mM dNTP, approximately 25 ng plasmid DNA, 20 pmol
each of the universal (-20) primer and the oligonucleotide
5"CGGGATCCATGGGCGCCGCGGG3, and 2.5 units Tag DNA
polymerase (Promega).

A 715 bp BamHI-Pst] fragment of the pArUBP3 PCR product
was ligated into the BamH]I/Pstl sites of pBluescript KS+ to create
p8087. p8087 was sequenced from the newly created BamHI site
across 352 bp through an internal EcoRI site. This BamHI-EcoRI
fragment was ligated into the BamHI/EcoRI sites of pArUBP3
(p8015) to create p8136. To place a Hindlll site 3’ of the coding
region, the 1.4 kb Xbal-Kpnl fragment of p8136 was ligated into
the Xbal/Kpnl sites of pPGEM-7Zf(+) (Promega) to create p8137.
The 1.4 kb BamHI-Hindlll fragment of p8137 was ligated into the
BamHI/Hindl11 sites of pMAL-c2 to create pMBPArUBP3
(p8139).

A 700 bp BamHI-Pstl fragment of the pArUBP4 PCR product
was ligated into the BamH]I/Pstl sites of pBluescript KS + to create
p8088. p808S was sequenced from the newly created BamHI site
across 379 bp through an internal Bg/II site. The 379 bp BamHI-
Bglll fragment of p8088 was ligated into the BamHI/BgllI sites of
pAtUBP4 (p8040) to create p8099. p8040 is the same as p8041
except that the cDNA is in the opposite orientation. Using a
Hindll site in the 3" untranslated region of the cDNA, the 1.1 kb
BamHI-HindI1l fragment of p8099 was ligated into the BamHI/
HindI1l sites of pMAL-c2 to create pMBPA/UBP4 (p8110).

PMBPAubp3“*?% and pMBPArubp4<3*S were created using
the Kunkel (1985) method of oligonucleotide-mediated muta-
genesis, using standard protocols (Sambrook et al. 1989). The
degenerate oligonucleotide 5CGGCAACACTAG(T/C)TACT-
GTAACAG3’ was used to mutagenize p8136 and p8088 (described
above) in order to change amino acid 32 from cysteine to serine.
The underlined base is the change introduced and the bases in
parentheses are degenerate so as to facilitate use for both p8136
and p8088. The success of mutagenesis was verified by sequencing
of the products and these were used to replace the corresponding
regions in the pMAL expression vectors, creating pMBP
Arubp3<3?8 (p8161) and pMBPArubpd©3?S (p8162).

pMBPA:UBP3A138-371 was created to facilitate antigen pro-
duction because UBP3 has the same molecular weight as the MBP,
which makes gel purification of antigen impossible. The 710 bp
BamHI-Pst1 fragment of p8136 was ligated into the BamHI/Pst1
sites of pMAL-c2 to create pMBPUBP3A138-371 (p8186).
pGSTAtUBP4 was created so that GSTArUBP4 could be used for

the affinity purification of the anti-UBP3/4 antibodies. The 1.3 kb
BamHI-EcoR1 fragment of p8099 was ligated into the BamHI/
EcoRlI sites of pGEX-2T to create pGSTAtUBP4 (p8100).

Construction of E. coli expression vector pUB-CEP52

The 675 bp Bg/ll-BamHI fragment of p2301 (Sullivan et al. 1990),
containing the T7 promoter of pET3c and the Arabidopsis UBQ1
coding region (Callis et al. 1990), was ligated into the BamHI site of
pACYC184 to create pUB-CEP52 (p8185).

In vivo assays in E. coli for UBP activity
against Ub-X-f-galactosidase (UB-X-f-gal) and UB-CEP52

For all coexpression experiments, 125 ml flasks containing 30 ml
Luria Broth with ampicillin (100 pg/ml) and chloramphenicol
(34 pg/ml) were inoculated with 500 pl of overnight culture and
incubated at 30°C with shaking at 2000 rpm. Equal number of
cells, as determined by optical density at 600 nm, were collected
after 16 h for Ub-X-f-gal activity assays and after 3.5h for
UB-CEP52 activity assays, resuspended in Laemmli (1970) sample
buffer, sonicated at 4°C and cleared by centrifugation. Protein
extracts from volumes containing the equivalent of 5 x 10% cells
(Ub-X-f-gal) and 2.5 x 10® cells (UB-CEP52) were used for SDS-
polyacrylamide gel electrophoresis (SDS-PAGE).

Production and affinity purification of anti-4:UBP3/4
polyclonal antibodies

Anti-UBP3/4 antibodies were raised in rabbits by immunization
with a 137 amino acid N-terminal portion of the UBP3 protein
initially expressed as a fusion with MBP (vector described above).
Purification and cleavage were according to the manufacturer’s
instructions (New England Biolabs). The UBP3A138-371 antigen
was purified from MBP by SDS-PAGE. GSTArUBP4 was purified
on glutathione-agarose. One milligram of GSTAtUBP4 was cou-
pled to Affi-Gel 10 according to the manufacturer’s instructions
(Bio-Rad) with 90% efficiency. Antibody purification was carried
out as described by Harlow and Lane (1988).

Isolation of protein and immunoblotting

The Landsberg erecta ecotype of A. thaliana was grown under
conditions previously described (Beers et al. 1992). All organs were
isolated from 6 week old plants except for yellow siliques, which
were isolated from 8 week old plants. Tissue was ground in liquid
nitrogen and proteins extracted from the frozen tissue into 50 mM
TRIS-pH 8.0, 5 mM EDTA. Lysates were centrifuged for 10 min
at 24 000 g at 4°C. Nuclear extracts were prepared as previously
described (Beers et al. 1992). Contamination of the nuclear extract
by cytosolic proteins was assessed by marker enzyme assays (Beers
et al. 1992). The nuclear extract was assayed for the presence of a
cytosolic enzyme. An aliquot of a cytosolic fraction containing the
same level of activity of this cytosolic marker enzyme as found in
20 pg of nuclear extract was analyzed simultaneously for the
presence of AtUBP3 and/or AtUBP4. Immunoblotting of SDS-
PAGE-fractionated protein was carried out as previously described
(Beers et al. 1992). Immunoblotting with anti-f-gal antibody
(Cappel) was done using primary antibody at a 1:650 dilution for
2.5 h. For detection of 4tUBP3 and AtUBP4 expressed in E. coli,
the anti-4tUBP3/4 antibody from crude serum was used at a 1:800
dilution for 2 h. For detection of 4tUBP3 and AtUBP4 in Arabi-
dopsis, the affinity-purified anti-A/UBP3/4 antibody was used at a
1:32 dilution for 16 h, the secondary antibody used was goat anti-
rabbit linked to horseradish peroxidase, and visualization was by
chemiluminescence (Gallagher et al. 1994).



Results
Identification of AtUBP3 and AtUBP4

To identify genes encoding UBPs from Arabidopsis, we
used an in vivo E. coli screen developed previously
(Baker et al. 1992). E. coli expressing the protein fusion
Ub-R-fB-gal were transformed with plasmids rescued
from a cDNA AZAPII expression library made from
mRNA of immature flower buds (Weigel et al. 1992). If
a cDNA encodes an active UBP, ubiquitin is cleaved
from the fusion protein leaving R-f-gal and, as previ-
ously described (Tobias et al. 1991), R-f-gal is rapidly
degraded, resulting in a white colony on X-gal-con-
taining plates. Conversely, if a cDNA does not encode
an active UBP the Ub-R-f-gal remains intact and, be-
cause this form of f-gal is active and stable, a blue
colony is produced on X-gal-containing plates.

From such a screen, cDNA-containing plasmids were
isolated from white or pale blue colonies and
transformed into a different strain expressing Ub-M-f3-
gal, and screened as described above. Nonspecific in-
terference with f-gal activity resulted in white colonies
with both Ub-R-f-gal and Ub-M-f-gal. cDNAs encod-
ing UBPs produced blue colonies in the strain expressing
Ub-M-f-gal because, in contrast to R-f-gal, M-f-gal is
stable (Tobias et al. 1991). Two cDNA clones encoded
enzymatic activities that, by the above criteria, were
UBPs. The two c¢cDNAs were found by restriction
endonuclease analysis to be independent isolates of the
same clone. The gene encoding this 1.54 kb cDNA was
designated AtUBP3. We have designated this the third
Arabidopsis UBP because the preliminary characteriza-
tion of two Arabidopsis UBP cDNAs has been reported
(Thoma et al. 1994; S. Thoma, Y. Ning, and R. Vierstra,
personal communication).

The 1.54 kb AtUBP3 ¢cDNA was used as a hybrid-
ization probe with Arabidopsis genomic sequences to
determine whether there were any other similar se-
quences in the Arabidopsis genome. Under stringency
conditions that allow hybridization of sequences with
30% mismatch, hybridization was detected to a few se-
quences other than those accounted for by the AtUBP3
cDNA (Fig. 1). This suggested that there might be an
additional gene similar to AtUBP3.

The 1.54 kb AtUBP3 cDNA was used as a hybrid-
ization probe to screen a second cDNA library and a
1.33 kb cDNA related to 4tUBP3 was isolated and has
been designated 41UBP4. Hybridization of AtUBP3 and
AtUBP4 sequences to Southern blots of genomic DNA
indicated that these two genes account for all of the pre-
viously observed hybridizing sequences (data not shown).

The AtUBP3 and AtUBP4 cDNAs encode
highly similar UBPs

The AtUBP3 and AtUBP4 cDNAs were sequenced in
their entirety and the sequences deposited in GenBank

305

g =
e 2 =
© - [7]
w T a
212kb=
5A5kb— o
4.97 kb —
4.27 kb —
2.03 kb=
1.58 kb —

1.38 kb — e

1 2 3

Fig. 1 Southern blot analysis of genomic DNA. A Southern blot was
prepared from DNA (5 pg per lane) of ecotype Landsberg erecta of
Arabidopsis thaliana digested with EcoRI (lane 1), HindlIII (lane 2), or
Pstl (lane 3) and fractionated on a 0.8% agarose gel. The blot was
hybridized to radiolabeled 1.5 kb 4#UBP3 ¢cDNA using hybridization
and wash conditions (see Materials and methods) such that 30%
mismatch was detectable

under accession numbers U76845 and U76846, respec-
tively. The size difference between the cDNAs, 1542 bp
vs 1332 bp, probably results from truncation of the 3’
untranslated region of 4tUBP4 at an EcoRI site. Owing
to incomplete methylation at EcoRI sites, truncations are
common in this cDNA library (M. Yanofsky, personal
communication). 4tUBP3 and AtUBP4 are predicted to
encode proteins of 371 and 365 amino acids, respectively.
Within the predicted coding region the cDNAs share
86% nucleotide identity, but only 56% and 39% in the 5’
and 3’ untranslated regions, respectively.

The AtUBP4 cDNA contains an in-frame stop codon
upstream of the first methionine, while the AtUBP3
cDNA does not. This suggests that 4tUBP3 does not
contain the entire coding region and that there is an-
other methionine from which translation is initiated.
This does not appear to be the case because Northern
blot analysis with a probe specific for the 3’ untranslated
region of AtUBP3 detects an mRNA of approximately
1.6 kb (data not shown). This indicates that if another
methionine is used, it is not much farther upstream. Two
of the three Arabidopsis EST sequences identical to
AtUBP3 (119K8T7, 162M18T7, and 166K17T7) are
only 7 nucleotides longer in the 5" untranslated region,
but they also do not have stop codons upstream of the
putative initiator methionine. Thus, the Northern blot
data along with the additional cDNAs suggest that
AtUBP3 contains the entire coding region.

The two proteins are 93% identical and 96% similar
(Fig. 2). UBPs are characterized by the presence of four
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conserved amino acid domains, one containing the pu-
tative active cysteine residue (Cys box), one containing
two conserved histidines (His box), and two other re-
gions of significant amino acid similarity (Papa and
Hochstrasser 1993; Wilkinson et al. 1995). A{UBP3 and
AtUBP4 contain all four of these domains (Fig. 2).
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Fig. 2 Alignment of the deduced amino acid sequences of 4tUBP3
and ArUBP4 cDNAs. Identical amino acids are indicated by dashes
and gaps are indicated by dots. In bold are the four conserved domains
found in ubiquitin-specific proteases (UBPs): the domain containing
the conserved cysteine (Cys box, amino acids 22-39 of 4rUBP3 and
AtUBP4); the domain containing the conserved histidines (His box,
amino acids 298-364 of AtUBP3 and 292-359 of 4tUBP4); two other
conserved regions (amino acids 110-126 of 4rUBP3 and 108-124 of
AtUBP4 and 251-262 of ArUBP3 and 246-257 of AtUBP4). The His
box has been divided into three blocks, underlined, to facilitate
comparison with other ubiquitin-specific proteases (see Fig. 4)
Asterisks denote the conserved cysteine and histidine residues. The
underlined region N1 denotes a putative bipartite nuclear localization
signal (amino acids 83-100 of AfUBP3 and 81-98 of AtUBP4). The
underlined region N2 denotes a putative SV40-like nuclear localization
signal (amino acids 244-250 of AfUBP3 and 239-245 of ArUBP4)

Alignment of AtUBP3 and AtUBP4 with the deduced
protein sequences of genes known to encode active
UBPs showed that 4:UBP3 and A:rUBP4 possess all
absolutely conserved residues within the Cys box
(Fig. 3A). The His box can be broken down into three
separate blocks of conserved residues. Within all three of
the blocks AtUBP3 and 4rUBP4 possess all absolutely
conserved residues (Fig. 3B). 4tUBP3 and 4tUBP4 can
clearly be considered to encode UBPs by these criteria.

Database searches revealed that outside of the con-
served regions AtUBP3 and A1UBP4 share significant
similarity with only one other UBP; this is a putative
UBP encoded in the Caenorhabditis elegans genome,
UBPX (SwissProt:p34547). UBPX shares an overall
amino acid identity of 53% and 55% with AtUBP3 and
AtUBP4, respectively, and 70% amino acid similarity
with both. UBPX, at 408 amino acids, is slightly larger
than AtUBP3 and AtUBP4 because it contains an
additional block of amino acids in a region between the
Cys and His boxes.

AtUBP3 and AtUBP4 contain a putative bipartite
nuclear localization signal (amino acids 83-100 for
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Fig. 3A,B Alignment of the active site cysteine and histidine boxes
of AtUBP3 and ArUBP4 with those of other characterized UBPs.
The Cys boxes (A) and the three conserved domains within the His
boxes (B) of ArUBP3, AtUBP4, ScUBP1 (M63484; Tobias and
Varshavsky 1991), ScUBP2 (M94916; Baker et al. 1992), ScUBP3
(M94917; Baker et al. 1992), ScDOA4 (U02518; Papa and
Hochstrasser 1993), HsTRE2 (EMBL accession numbers X63546
and X63547; Nakamura et al. 1992), DmFAF (L04958, 1.04959, and
L04960; Fischer-Vize et al. 1992), and HsISOT (U35116; Wilkinson
et al. 1995) have been aligned using the Pileup program (Wisconsin
Genetics Computer Group package). Unless otherwise indicated,
numbers after genes are GenBank accession numbers. Amino acid
identity is indicated with reverse type. Amino acid similarity is
indicated by shading. Similarity is defined as follows: G = A = S,
I=L=M=V,F=L=1=Y,and K =R



AtUBP3 and 81-98 for AtUBP4, N1 in Fig. 2) as well as
a K/R-K/R-X-K/R-X-K/R SV40-like nuclear localiza-
tion signal (amino acids 244-250 for AUBP3 and amino
acids 239-245 for 4tUBP4, N2 in Fig. 2).

MBPA:UBP3 and MBPA/UBP4 can cleave
the a-linked ubiquitin fusion protein Ub-X-f-gal but
not the a-linked ubiquitin fusion protein Ub-CEP52

The cleavage of Ub-M-f-gal and Ub-R-f-gal by
AtUBP3 and AtUBP4 was verified by Western blotting
of protein extracts from E. coli coexpressing the sub-
strates, and the UBPs as MBP fusion proteins. MBP-
UBP proteins in which the conserved cysteine residue
was replaced by a serine residue were also tested using
the same assay. Immunoblot analysis of the cell lysates
from these strains with anti-f$-gal antibody (Fig. 4A)
showed that both MBPAtUBP3 and MBPA:UBP4 were
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capable of cleaving this substrate. As expected, cleavage
of Ub-M-f-gal left the stable M-f-gal and cleavage Ub-
R-f-gal resulted in undetectable steady-state levels of /-
gal owing to the instability of R-f-gal (Tobias et al.
1991). The mutant proteins, MBPAubp3“**® and
MBP A 1ubp4<?5, lacking the active site cysteine residue,
were inactive against these substrates. No activity
against the Ub-M-f-gal substrate was ever detected in in
vitro reactions in which E. coli extracts expressing Ub-
M-f3-gal were mixed with E. coli extracts expressing ei-
ther MBPAtUBP3 or MBPAfUBP4 (data not shown).
If AtUBP3 and AtUBP4 act in vivo to produce
ubiquitin monomers from the ubiquitin ribosomal pro-
tein fusions and the polyubiquitin fusions, then they
should be able to act upon these substrates in vivo in
E. coli. MBPAtUBP3 and MBPAtUBP4 were coex-
pressed with Ub-CEPS2 [Arabidopsis UBQ1 gene prod-
uct (Callis et al. 1990)] in BL21(DE3). Immunoblot
analysis with anti-ubiquitin antibody of the cell lysates
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Fig. 4A-D ArUBP3 and AtUBP4 deubiquitinate the artificial o-
linked substrate Ub-X-f-gal but not the natural o-linked substrate
UDbCEPS2. AtUBP3 and ArUBP4 were assayed for their ability to
catalyze the cleavage of ubiquitin a-linked to other proteins, -gal (A,
B) and CEPS52 (C, D) using an in vivo Escherichia coli assay. Culture
conditions for E. coli and preparation of protein extracts are described
in Materials and methods. A -Gal is visualized by anti-$-gal antibody
immunoblot analysis of E. coli proteins fractionated by electropho-
resis on a 7% SDS-polyacrylamide gel. Ub-M-f-gal (lanes 1-5) and
Ub-R-f-gal (lanes 6-10) (Baker et al. 1992) were co-expressed in E.
coli with the vector-only control (lanes 1, 6), MBPAfUBP3 (lanes 2,
7), MBPA/UBP4 (lanes 3, 8), MBPA/ubp3<**S (lanes 4, 9), and

MBPA:ubp4“** (lanes 5, 10). B ArUBP3 and/or AfUBP4 are
visualized by anti-4tUBP3 and ArUBP4 immunoblot analysis of
samples fractionated by electrophoresis on a 10% SDS-polyacryl-
amide gel. All samples were identical to those in A. C Ubiquitin is
visualized by anti-ubiquitin antibody immunoblot analysis of E. coli
proteins fractionated by electrophoresis on a 15% SDS-polyacryl-
amide gel. UbCEP52 was coexpressed in E. coli BL21 (DE3) with
vector-only control (lane 1), MBPA/UBP3 (lane 2), MBPA:UBP4
(lane 3), and Saccharomyces cerevisiae UBP2 (Baker et al. 1992) (lane
4). D ArUBP3 and/or AtUBP4 are visualized by anti-4tUBP3 and
AtUBP4 immunoblot analysis of the same samples fractionated by
electrophoresis on a 10% SDS-polyacrylamide gel
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from these strains showed that both MBPArUBP3 and
MBPA:UBP4 are inactive against this substrate
(Fig. 4C). The ability of ScUBP2 to cleave this substrate
indicated that assay conditions were appropriate (Baker
et al. 1992). Immunoblot analysis with anti-UBP3/4 in-
dicates that the MBPA/UBP enzymes were present in
these strains (Fig. 4D) and at levels comparable to those
capable of acting upon the Ub-X-f-gal substrates
(Fig. 4B). In addition, MBPAtUBP3 and MBPAtUBP4
were coexpressed in vivo with polyubiquitin [produced
from the Arabidopsis UBQ10 gene (Callis et al. 1995)].
No activity was detected against this o-linked substrate
(data not shown).

AtUBP3 and/or AtUBP4 are present in all organs
of 6-8 week old Arabidopsis

To elucidate the function of AtUBP3 and 4:UBP4 we
determined their distribution of expression. Affinity-
purified antibody primarily recognized a single protein
at 42 kDa, the predicted molecular weight of AtUBP3
and AtUBP4 (Fig. 5). AtUBP3 and/or AtUBP4 are
found in all organs examined, with lower levels in si-
liques (Fig. 5). In addition, hybridization of the 4zUBP3
cDNA sequence to a Northern blot made from poly(A)-
enriched RNA isolated from 5 day old seedlings indi-
cates that the transcript is present in this organ (data not
shown).

AtUBP3 and/or AtUBP4 are present
in the Arabidopsis nucleus

Because the deduced amino acid sequences of 4:UBP3
and AtUBP4 contain putative nuclear localization sig-
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Fig. 5 AtUBP3 and AtUBP4 are found in all organs of 6-8 week old
Arabidopsis. AtUBP3 and/or AtUBP4 are visualized by anti-4tUBP3
and ArUBP4 immunoblot analysis of samples fractionated by electro-
phoresis on a 10% SDS-polyacrylamide gel. Each lane contains 50 pg
of protein isolated from the indicated organ. The J/YA Leaves sample
is enriched in juvenile and young adult stage leaves and the Adult
Leaves sample is enriched in adult leaves (Bowman 1994). Equivalent
loading was verified by Coomassie blue staining of a duplicate gel
(data not shown)
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Fig. 6 AtUBP3 and AtUBP4 are enriched in Arabidopsis nuclear
fractions. AtUBP3 and/or AtUBP4 are visualized by anti-4/UBP3
and ArUBP4 immunoblot analysis of samples fractionated by electro-
phoresis on a 13.5% SDS-polyacrylamide gel. Lane N contains 20 pg
of protein from purified nuclei. Lane C contains 0.7 pg of protein
from whole leaf extract. The two samples contain equal levels of the
cytosol-localized protein phosphoenolpyruvate carboxylase. Lane C
represents a level of cytosolic contamination equivalent to that found
in the nuclear extract (Beers et al. 1992)

nals, we determined whether the protein is found in
nuclear extracts. 4f{UBP3 and/or AtUBP4 are present in
the sample containing the nuclear extract (Fig. 6,
lane N). 4tUBP3 and/or AtUBP4 are also detected in
the sample containing an amount of cytoplasmic marker
equal to that found in the nuclear protein extract (Fig. 6,
lane C). The lower signal in the cytosolic marker lane,
relative to that in the lane containing nuclear extract
(Beers et al. 1992), demonstrates that the signal from the
nuclear extract cannot arise solely from cytosolic con-
tamination. Thus, 4tUBP3 and/or 4fUBP4 are present in
the nucleus.

Discussion

We have used a functional assay in E. coli (Baker et al.
1992) to identify an Arabidopsis cDNA encoding a UBP,
AtUBP3, and subsequently isolated a cDNA encoding a
highly related second UBP, 4rUBP4. Analysis of the
deduced amino acid sequences of AtUBP3 and AtUBP4
shows that these proteins have all of the conserved
amino acid regions characteristic of UBPs, namely the
domains containing the active site cysteine and the active
site histidines and two other regions of similarity.
AtUBP3 and AtUBP4 were predicted to be localized in
the nucleus because they have both bipartite and SV40-
like nuclear localization signals. Both bipartite and
SV40-like nuclear localization signals have been ob-
served in several plant nuclear proteins (Carrington et al.
1991; Abel and Theologis 1995). In addition, the pres-
ence of UBPs in the nucleus is consistent with the
presence of ubiquitinated proteins in the plant nucleus
(Beers et al. 1992). Immunoblotting with anti-4:UBP3/4
shows enrichment of 4tUBP3 and/or 4tUBP4 in nuclear
extracts when compared with the level of 4rUBP3 and/
or AtUBP4 in an amount of cytosolic extract equal to
that contaminating the nuclear extract. Low levels of
AtUBP3 and/or AtUBP4 are detected in the cytosol



control sample, owing either to the presence of AtUBP3
and/or A4tUBP4 in the cytosol or to contamination of
the cytosol samples with nuclear extract. Experiments
are in progress to distinguish between these two possi-
bilities by using transgenic plants expressing an AtUBP-
p-glucuronidase fusion. Nevertheless, AtUBP3 and/or
AtUBP4 are indeed present in the Arabidopsis nucleus.

Most of the previously characterized UBPs are quite
large (Wilkinson et al. 1995). All consist of a core,
defined as the region flanked by the Cys box at the
N-terminus and the His box at the C-terminus. Most
UBPs, however, have large N-terminal extensions and
occasionally have C-terminal extensions. Strikingly,
AtUBP3 and ArUBP4 are the smallest proteins so far
described in the UBP family (Wilkinson et al. 1995). The
catalytic core has been defined as minimally 314 residues
(Wilkinson et al. 1995). While the core region of
AtUBP3 and ArUBP4 is a bit larger than the minimal
core, spanning 348 and 342 residues, respectively,
AtUBP3 and AtUBP4 contain no significant N- or C-
terminal extensions. AtUBP3 and 41UBP4 share signi-
ficant similarity outside of the conserved domains with
only one other sequence, that of the putative UBP
UBPX (SwissProt:p34547) encoded by a C. elegans gene.
AtUBP3 and AtUBP4 are even slightly smaller than the
predicted open reading frame of this putative UBP.
AtUBP3 (371 amino acids) and AtUBP4 (365 amino
acids) lack a block of amino acids found in the internal
core region of UBPX (408 amino acids).

We have used the substrates from the in vivo E. coli
screen, Ub-M-f-gal and Ub-R-fS-gal, that identified
AtUBP3, to demonstrate the UBP activity of AtUBP3
and AtUBP4 directly (expressed as fusions with the
MBP). We also investigated the activity of MBP-
AtUBP3 and MBPA:UBP4 against natural c-amino
linked substrates, namely polyubiquitin and ubiquitin-
ribosomal protein fusions, upon which these enzymes
might act in vivo. We have been unable to detect any
activity against these substrates. It might be that the
rather large N-terminal extension produced by the
MBP is sterically interfering with the ability of the
enzymes to act. It is equally possible, however, that
AtUBP3 and AtUBP4 do not naturally act upon a-
amino-linked substrates. This would not be unusual
because another UBP, isopeptidase T, is very inefficient
at processing a-amino-linked substrates (Wilkinson
et al. 1995). AtUBP3 and ArUBP4 might be able to
cleave ubiquitin from Ub-M-f-gal and Ub-R-f-gal only
by virtue of some unique characteristic of these artifi-
cial substrates.

AtUBP3 and 41UBP4 might instead cleave ubiquitin
at e-amino linkages such as those found in polyubiquitin
chains or ubiquitinated cellular proteins. Although we
have no direct evidence to support this hypothesis, we do
have indirect evidence. 4tUBP3 and 4tUBP4 are found
in the nucleus, where the most likely substrates are
polyubiquitin chains and ubiquitinated cellular proteins.
The processing of the o-amino-linked substrates,
polyubiquitin and ubiquitin-ribosomal fusion proteins,
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occurs in the cytosol, possibly co-translationally since
intermediates cannot be detected (Finley et al. 1989). It
therefore seems highly unlikely that these are the natural
substrates, leaving only the ¢-amino-linked substrates as
candidate targets for these enzymes.

Additional information relevant to the in vivo role of
AtUBP3 and AtUBP4 was obtained by examining the
organ specificity of expression. 41UBP3 and/or AtUBP4
protein is not restricted to a particular organ. This
suggests that these enzymes are not being produced in a
organ-specific manner to act upon a substrate and effect
a particular developmental process. This leaves several
possibilities. 4tUBP3 and AtUBP4 could be involved
with (1) a general ubiquitin pathway function required
in all organs, such as recycling ubiquitin monomers
following proteolysis, (2) deubiquitinating a substrate
protein that is present in many different organs, or (3)
deubiquitinating a organ-specific substrate protein. Since
ubiquitin-mediated proteolysis is the mechanism by
which many cell cycle regulatory proteins are degraded
(reviewed in King et al. 1996), the second possibility
could include substrates involved in cell cycle regulation.
This, however, seems unlikely because AtUBP3 and/or
AtUBP4 are present in mature leaves and senescing si-
liques, organs that have few, if any, cells undergoing
division. The third possibility might be true for at least
one UBP. The Drosophila UBP Fat facets appears to be
produced in many organs, yet the effects of far facets
mutations are only apparent during eye and embryo
development (Fischer-Vize et al. 1992).

The next step toward understanding the in vivo
function of AtUBP3 and 4rUBP4 will be facilitated by
identifying proteins with which these enzymes interact.
This will provide additional information as to the
type(s) of substrate upon which to focus future research
efforts.
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