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Abstract

A sequence motif that isSimilar to Ubiquitin ~SUb! has been identified in theSaccharomyces cerevisiaeubiquitin-
specific protease Ubp6. SUb is conserved in all known Ubp6 homologues from a spectrum of eukaryotic species and
is also present in a group of hypothetical proteins of unknown function~Unk1-3! present in sequence databases. An
N-terminal deletion mutant of Ubp6 that lacks SUb is still capable of cleavinga-linked ubiquitin fusions, suggesting
that SUb forms a separate domain to the catalytic core of Ubp6 and demonstrating that it is not required for in vitro
cleavage activity. A homology model of the 78 N-terminal amino acids of human Ubp6, based on the known fold of
ubiquitin, is presented. In human Ubp6, SUb shares only 20% sequence identity with ubiquitin. Even weaker similarity
occurs betweenS. cerevisiaeSUb and ubiquitin. The homology model supports a ubiquitin-like fold for SUb and
suggests that two conserved Lys residues, corresponding to Lys48 and Lys63 of ubiquitin, are functionally important.
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A growing number of proteins of diverse function have been shown
to contain sequences similar to ubiquitin. The majority of these
proteins possess an N-terminal ubiquitin-like region and an un-
related C-terminal tail of variable length. Ubiquitin-like proteins
do not participate in proteolysis in the same manner as true ubiq-
uitin, but instead appear to modulate the function of target proteins
through direct protein–protein interactions. Ubiquitin-like proteins
have been implicated in a multitude of roles, including DNA repair
~Schauber et al., 1998!, spindle pole body duplication~Biggins
et al., 1996!, lymphocyte differentiation~Haas & Siepmann, 1997!,
viral pathogenicity~Meyers et al., 1991!, Hsp70 regulation~Mat-
suzawa et al., 1998!, and transcriptional regulation~Garrett et al.,
1995!.

Sequence similarity between ubiquitin-like sequences and ubiq-
uitin varies considerably, from 17% amino acid identity in yeast
Smt3 ~Meluh & Koshland, 1995; Johnson et al., 1997! to 76%
identity in the baculovirus ubiquitin variant~Guarino, 1990!. In
comparison, ubiquitin itself is a highly conserved protein, exhib-
iting a minimum 96% sequence identity between a spectrum of
eukaryotic species. Furthermore, the three-dimensional structures
of human, plant, and yeast ubiquitin are almost identical~Vijay-
Kumar et al., 1987b!. Nevertheless, the ubiquitin fold is found in

proteins with negligible sequence identity to ubiquitin and has
been identified as one of nine classes of superfolds~Orengo et al.,
1994!. The fold is characterized by a mixedb-sheet with topology
2211152314 onto which packs a regular helix, encompassing
a hydrophobic core~Vijay-Kumar et al., 1987a!. In addition, two
single turns of 3010 helix are found in the structure: prior to strand
3 and prior to strand 5. Structures have also been solved for a
number of molecules that include a ubiquitin-like fold, including
Raf ~Emerson et al., 1995; Nassar et al., 1995!, RalGDS~Geyer
et al., 1997; Huang et al., 1997!, Protein G~Achari et al., 1992;
Gallagher et al., 1994!, ferredoxin ~Tsukihara et al., 1990!, and
SUMO-1 ~Bayer et al., 1998!. Further, based on sequence simi-
larity, additional ubiquitin-like molecules have previously been
identified that presumably also adopt a ubiquitin fold, including
Fau ~Kas et al., 1992!, Rub-1 ~Liakopoulos et al., 1998!, Rad23
~Watkins et al., 1993!, Bag-1 ~Takayama et al., 1995!, ISG15
~Haas et al., 1987; Narasimhan et al., 1996!, and Dsk2p~Biggins
et al., 1996!. These molecules point to a diversity of functional
roles for this molecular topology~Mayer et al., 1998!.

The primary factor constraining sequence and structural varia-
tion in ubiquitin is thought to be its role in proteolysis. Ubiquitin
is post-translationally conjugated to other proteins in the cell via an
isopeptide linkage between the C-terminal Gly76 residue and the
E-amino group of a substrate lysine. Rounds of conjugation lead to
the development of a homopolymeric ubiquitin chain on the sur-
face of the target protein that is recognized by the 26S proteasome
and results in the degradation of the target~Chau et al., 1989;
Gregori et al., 1990; reviewed in Pickart, 1997!. Ubiquitin-mediated
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proteolysis accounts for the degradation of the majority of short-
lived proteins in the eukaryotic cell, including G1 and mitotic
cyclins, oncoproteins, transcription factors, and p53, as well as
structurally abnormal proteins~reviewed in Hochstrasser, 1996!. A
less well-understood role for ubiquitin is its conjugation either in
single moieties or as polymeric chains to receptor subunits as part
of receptor signaling and receptor-mediated endocytosis~reviewed
in Hicke, 1997!.

Ubiquitin-specific proteases~Ubps! are deubiquitinating en-
zymes that can cleave ubiquitin–protein peptide and isopeptide
bonds and have been implicated in ubiquitin precursor processing,
negative regulation of substrate targeting, and maintenance of the
free ubiquitin pool~Tobias & Varshavsky, 1991; Baker et al., 1992;
Papa & Hochstrasser, 1993; Amerik et al., 1997; reviewed in Hoch-
strasser, 1996; Wilkinson, 1997!. Ubp6, one of a family of 16 Ubps
present inSaccharomyces cerevisiae, is capable of cleaving ubiq-
uitin from a-linked fusions in vitro; however, its role in vivo is not
yet known ~Park et al., 1997!. Unexpectedly, the Ubp6 enzyme
contains a ubiquitin-like sequence at its N-terminus. Here we show
that the N-terminal motif,Similar to Ubiquitin ~SUb!, is conserved
throughout known Ubp6 homologues and also in a group of un-
related proteins of unknown function~Unk1-3!. We have con-
structed a homology model of SUb from human Ubp6~human
SUbUBP6! based on human ubiquitin. Potential roles for conserved
residues and SUb are discussed. Activity of anS. cerevisiaeUbp6
N-terminal deletion mutant confirms that SUb forms a domain
distinct from the catalytic core of Ubp6, and putative functions for
these domains are presented. This is the first report of a ubiquitin-
like region in an enzyme of the ubiquitin system itself.

Results

Database search results

BLAST searching of available databases using full-lengthS. ce-
revisiaeUbp6 identified weak similarity between the N-terminal
region of Ubp6 and human ubiquitin. The search also identified
other species homologues of Ubp6 present in humans, rabbit
~Oryctolagus cuniculus!, mouse~Mus musculus!, Drosophila mel-
anogaster, Aspergillus nidulans, Caenorhabditis elegans, and
Schizosaccharomyces pombe. In addition, usingS. cerevisiae
SUbUBP6 as a search target, several putative proteins were identi-
fied that contained SUb, but were otherwise unrelated to Ubp6. We
dubbed these hypothetical proteins Unk1-3~Unknown!. Three se-
quences were identified of a hypothetical protein~Unk1! in mice,
D. melanogaster, and the fish,Fugu rubripes.Additional partial
sequences were identified inTrypanasoma brucei~Unk2!, and
Arabidopsis thaliana~Unk3!. SUbUNK1 and SUbUNK2 are located
at the N-terminus, as in Ubp6, while SUbUNK3 is located in the
middle of a hypothetical protein. The N-terminal flank of SUbUNK3

has sequence similarity to a plant membrane-associated salt-
induced protein, while the C-terminal flank is similar to Ras-
binding proteins from several organisms~not shown!. It is interesting
to note that the Ras-binding protein RalGDS also adopts a ubiq-
uitin fold ~Geyer et al., 1997; Huang et al., 1997!; however, SUbUNK3

and the putative Ras-binding motif are separate in the Unk3 hy-
pothetical protein. The Unk2 protein may be theT. bruceiUbp6
homologue; however, in the absence of more sequence, this re-
mains to be determined. Anomalous residues derived from EST
sequences and their likelihood of error are given in Table 1.

Sequence alignment

Figure 1 shows an alignment of members of the SUb family against
the human ubiquitin sequence. Similarity extends over the length
of the ubiquitin sequence. Sequence identity between human ubiq-
uitin and SUb ranges from 16%~S. cerevisiaeUbp6! to 31%
~Unk3!, with the majority of sequences sharing 20% or lower. This
limited sequence identity provides a weak signal suggesting that
SUb adopts a ubiquitin fold. In general, SUb is as distantly related

Table 1. Sequences derived from EST0genomic sequences

Sequence Acc. Nos. Residuesa Conflicting residuesb

SUbUBP6 AA10665 3–87 Nil
M. mus AA163116 3–87 Nil

AI153244 5–87 N665 D
AA510768 3–87 N665 D, K68 5 I, K70 5 N
AA170034 3–87 2 FS
AA672946 3–56 Nil
AA086703 5–87 2 FS
AI007125 3–40 1 FS

SUbUBP6 AA695753 2–87 Nil
D. mel AA695970 2–87 Nil

AA949051 2–87 Nil
AA942181 2–87 1 FS

SUbUBP6 D22465 22–87 Nil~one EST only!
O. sat

SUbUBP6 Z25610 12–87 Nil~one EST only!
A. tha

SUbUBP6 AA784983 3–87 3–87 Nil~one EST only!
A. nid

SUbUBP6 Z81317 5–87 Nil~one cosmid only!
S. pom

SUbUBP6 D44559 1–87 Nil~genomic clone!
S. cer T38669 8–87 Nil~EST!

SUbUNK1 AA817183 1–87 Nil
D. mel AA940861 1–87 Nil

AA390894 1–87 Nil
AA735553 1–87 Nil
AA246382 1–87 Nil
AI064082 1–87 Nil

SUbUNK1

M. mus
C89508 4–87 Nil~one EST only!. All other

SUbs have Q46; E46 may be error

SUbUNK1 Z89735 4–55 Nil~cosmid; intron at codon 55!
F. rub Z89745 4–55 Nil~cosmid; intron at codon 55!

SUbUNK2

T. bruc
W06549 8–87 g inserted at bp 15 to obtain

aa 8–12 in frame with long ORF.
All other SUbs have G55; Q55
may be error

SUbUNK3 AC004165 2–87 Nil~cosmid sequence!
A. tha AA713002 2–70 1 FS, K75 N, Q665 H, plus five

uncertain codons due to unknown
bases~EST!

aNumbered from the alignment in Figure 1.
bDiscrepancies between consensus sequence in Figure 1 and ESTs0

cosmids, and0or alterations made to ESTs. FS5 frame shift.
cThe SUbUNK2 sequence fromT. brucei~one EST only! could represent

a partial bona fide Ubp6 sequence~see Fig. 1!.
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to any known ubiquitin-like protein as it is to ubiquitin itself~not
shown!. Although there are no completely conserved positions in
the alignment, roughly a third of the positions show conservative
changes or differences in only one or two of the 15 SUb sequences.
Lys32, Pro43, Gln46, and Gly55 appear common to both ubiquitin
and SUb, while Leu35, Thr39, Val41, Arg45, Lys47, Lys54, Lys70,
and Gly79 seem SUb-specific, thereby distinguishing this motif
from other ubiquitin-like proteins. Residues are numbered accord-
ing to their position in the alignment in Figure 1. Only Thr39 and
Val41 are completely conserved in all SUb sequences, although
sequencing errors may mask other positions~Table 1!.

All gaps in the alignment coincide with loop regions of the
ubiquitin fold, with the exception of the relative deletions found in
strand 2, and in theD. melanogasterUbp6 that disrupts an isolated
turn of 3010 helix in the loop between strands 4 and 5. Because the
latter gap is present in four separate EST entries, it is not likely to
be a sequencing error, although it is possible that sequencing is
difficult in this part of the molecule. Placement of a relative gap in
this vicinity requires that the helical turn partially unwind, which,
providing Trp64 remains buried, will not affect the core of the
model structure.

The pattern of hydrophobicity is not well maintained in strands
2 and 4. Notably, strand 2 in several sequences contains a gap at
position 18, and a Pro at position 19, suggesting that this region
may not form a regularb-strand. As strands 2 and 4 occur as the
edge strands of the 5-stranded mixedb-sheet in the ubiquitin fold,
some irregularities in these strands can be expected.

Comparing SUbUBP6 to SUb from Unk1-3 shows that SUbUNK1

and SUbUNK2 contain a longer loop between strands 3 and 4.
Amino acids at alignment positions 9, 24, 28, 58, 62, and 66 that
tend to differ between Ubp6 and the other enzymes generally
cluster in this region of SUb. Any differential function of SUb in
Unk1 and Unk2 compared to SUbUBP6 would then be expected to
be largely governed by residues in and around this loop.

Model structure

A computer model for human SUbUBP6 is illustrated in Figure 2,
highlighting the relative positions of conserved residues. The over-
all geometry of the model is reasonable, and there are no serious
steric violations, according to the output of PROCHECK~Laskowski
et al., 1993!. Further, bond lengths and angles comply with those
in the template structure, and none of the residues have disallowed
backbone torsion angles. The model shows a compact hydrophobic
core formed by Val8, Val10, Trp12, Val20, Leu22, Phe31, Leu35,

Fig. 1. Sequence alignment of SUb domains. Sequences were aligned using CLUSTAL W and manually adjusted as required~see text!.
Dashes represent gaps introduced to maximize alignment. Predicted secondary structures are indicated above the alignment~E 5
b-strand; H5 a-helix; G5 3010 helix!. Dots represent missing N-terminal sequence due to partial clones. Underlined residues contain
an intron in their codons. TheF. rubripesUNK1 sequence terminates at a putative intron position in its cosmid. Asterisks~* ! indicate
positions that vary in at most one or two sequences, and crosses~1! indicate conservative replacements. The SUbUNK2 sequence from
T. brucei~one EST only! could represent a partial bona fide Ubp6 sequence if two frame shifts and one sequence error were allowed
near the 39 end of the sequence~outside region shown in Fig. 1! to produce a Ubp6-like conserved Cys domain~Baker et al., 1992!.
See Table 1 for generation of sequences from EST clones. Accession numbers:Homo sapiensubiquitin: X56997. SUbUBP6: H. sapiens:
U30888;O. cuniculus: L37420;C. elegans: U32223.~See Table 1 for other EST0genomic sequence accession numbers.!

Fig. 2. Schematic diagram of the putative SUb fold. The relative locations
of the more conserved residues are shown. Of particular note are Lys54 and
Lys70, which are located in a similar place to Lys48 and Lys63, respec-
tively, in ubiquitin, and Thr39, which may be phosphorylated.
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Leu38, Val41, Val48, Val50, Leu58, Trp64, Ile67, Ile69, Leu75,
and Met77. In some SUb sequences, residues at position 12, 20,
50, 58, 64, and 67 can be less hydrophobic. These positions, how-
ever, all lie close to the surface of the molecule where such
substitutions are readily accommodated. Besides this core, two
hydrophobic patches are evident on the surface of the human
SUbUBP6 model. Located on opposite faces of the model, the larger
of the two patches~Pro25, Met29, Val30, Ala33, Phe36, Ala37,
Pro41, Ala44! is not conserved in either of the yeast Ubp6 enzymes
or Unk3. The second hydrophobic patch~Gly11, Met49, Gly55,
Gly56, Met73, Leu76, Met78! is formed mostly by the surface of
strands 3 and 5, and is present in all SUb domains. Neither patch
is found in ubiquitin, but it is noted that the smaller patch forms a
surface adjacent to where a ubiquitin molecule might bind to Lys54
~analogous to Lys48 of ubiquitin! if it were presenting its C-terminal
Gly, according to the tetra-ubiquitin~1TBE! structure.

The model also contains a number of potential covariations
~Chelvanayagam et al., 1997!. For example, from the alignment in
Figure 1, it is noted that Trp64 usually occurs in conjunction with
Pro27 and always with Pro28. In the SUb model, the Pro residues
provide a tight start to the helix and allow the bulky side chain of
Trp64 to pack under them. When a smaller residue is positioned at
64, more space is provided for the backbone leading into the helix.
In S. cerevisiaeSUbUBP6, position 64 is Lys, and while this ini-
tially appears as a caveat to the above, further investigation of this
sequence in the context of the ubiquitin fold shows that Tyr48 and
Ser58, both polar residues, also occur nearby, providing suitable
hydrogen bonding acceptors for Lys. Further, the increase in side-
chain volume when introducing Tyr into the structure~Val0Leu0
Ile r Tyr48! is concomitant with a reduction in side-chain volume
at other internal neighboring positions, such as Leur Ala35 and
Pher Leu31. Another potential covariation involves residues Thr9
and Phe17. These residues occur adjacent to one another in strands
1 and 2, respectively, in the model. Surprisingly, in the ubiquitin
template, these residues are also present but are contributed by the
oppositeb-strands. This trend is also observed in the other mam-
malian Ubp6 sequences and fish SUbUNK1.

Conserved residues

A total of 12 positions are highly conserved among SUb se-
quences, with residues varying in fewer than three sequences. Four
of these positions are also conserved in ubiquitin, three of which
~Lys32, Pro43, and Gln46! cluster tightly together and form a
ubiquitin signature. Figure 3 shows how these residues pack to-
gether in a slight depression rendering Gln46 and, to a lesser
extent, Lys32 buried. Lys32 is able to make strong hydrogen bonds
with the backbone oxygen of residues Pro43 and Gln46, as well as
salt link with the negatively charged residue that is almost always
present at position 60. Likewise, Gln46 is able to form hydrogen
bonds with the backbone oxygen of Lys32 and Val41. However,
the role of the partial negative of the OE1 oxygen on Gln46 is not
obvious. Although not vital to the fold~e.g., SUMO-1!, these
residues appear able to form a stable substructure within the ubiq-
uitin fold.

The majority of SUb conserved residues are located close to the
ubiquitin signature residues. Leu38 and Thr39 are the most remote
of this large cluster of conserved residues, and it is noted that the
backbonef angle of Thr39 is unusual for a residue in a helix, as
is the equivalent residue in ubiquitin. Although Thr39, located on
the surface of the model, can salt link with Lys16 and Glu18 in the
human SUbUBP6 model, these residues are not conserved and,
indeed, the loop0strand region in which they reside appears struc-
turally diverse because a gap appears in some sequences in addi-
tion to the lack of a clear pattern of hydrophobicity for the loop.
Arg45 is also surface exposed in the same vicinity as Thr39, but is
about 10 Å away. Gly79 occurs at the end of the SUb domain at the
end of strand 5 and may function to link SUb to the C-terminal
domain.

Lys54, Gly55, and Lys70 are located at the other end of the
model. Interestingly, and although not obvious from the alignment,
both of the Lys residues are situated in similar spatial positions to
ubiquitin residues Lys48 and Lys63~numbered according to ubiq-
uitin sequence!. SUbUNK1 appears to have an extended loop be-
tween strands 3 and 4, potentially reorienting Lys54. However, it

Fig. 3. Stereo pair: human SUbUBP6 model. Shows the network of interactions between the semi-buried residues, Lys32, Val41, Pro43,
Gln46, and Asp60 that help to stabilize the structure.
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is noted that these sequences also have Lys residues at positions 52
and 60, the latter being likely to superimpose perfectly with Lys48
of ubiquitin.

Automated predictions

In conjunction with the modeling done here, automated computer
programs were also used to predict a structure for SUb. When
tested with the human SUbUBP6sequence, the program THREADER
~Jones et al., 1992! suggested that the structure of human ubiquitin
provided the most likely fold for the sequence of SUb among
known protein structures. However, a better match was scored with
the glycosidase inhibitor~1HOE! structure when theS. cerevisiae
SUbUBP6 sequence was tested, although human ubiquitin still was
highly ranked. Also, the secondary structure prediction program
PHD ~Rost & Sander, 1994; Rost et al., 1994!, when given the
human SUb sequence, predicted strands 1, 3, and 5 and the helix
essentially as indicated in Figure 1. Strands 2 and 4 were not
predicted, nor was the first 3010 helix. The second 3010 helix was
predicted to be a strand. These predictions cannot confirm the
model, but do show general support for the predicted structure.

Deubiquitinating activity of a Ubp6D2-79 mutant

To test the role of SUbUBP6 in the deubiquitinating activity of
Ubp6, a deletion mutant~Ubp6D2-79! was constructed, where the
N-terminal 79 residues of Ubp6 were removed, and a new initia-
tion codon inserted upstream of Asn80~see Methods!. Recombi-
nant full-length Ubp6 and recombinant Ubp6D2-79 were equally
active in cleaving an artificial linear ubiquitin-GSTP1 fusion pro-
tein ~Fig. 4!. Thus, the SUb domain of Ubp6 is dispensable for its
deubiquitinating activity in this in vitro assay. We conclude that the
“catalytic core” of Ubp6 can fold in the absence of the SUb do-
main and form an active Ubp enzyme, consistent with SUb form-
ing an independent structural domain.

Gene structure

Sequence database entries have allowed some comparisons of SUb
gene structure and localization. For example, the humanUBP6
gene maps to chromosome 18p~Acc. U30888!. The fish SUbUNK1

protein, derived from a cosmid0genome survey sequence, is ap-
parently interrupted by an intron within codon 55, where a putative
splice donor sequence marks a break in similarity with other SUb
sequences~Fig. 1!. Notably, theA. thalianaSUbUNK3 domain is
interrupted by an intron at exactly the same base pair, consistent
with this being a genuine intron in the fish protein. We could not
identify the remainder of the SUbUNK1 protein in the available
F. rubripescosmid sequence. Of the two intron-containing genes
where the complete exon0intron structure can be deduced from
cosmid sequences, both have an intron near the end of SUb: within
codon Ser80 inC. elegansSUbUBP6 and within codon Glu87 in
A. thalianaSUbUNK3 ~Fig. 1!. This is consistent with SUb adopt-
ing a separate structural domain and also with the evolution of
these genes by exon shuffling. We could not identify a convincing
homologue with known function of either Unk1 or Unk3 in avail-
able databases.

Discussion

Ubiquitin-like proteins identified so far~Mayer et al., 1998! are
generally of two types—those that possess the C-terminal Gly-Gly
peptide and are cleaved0conjugated, and those that do not. None of
the SUb family contain the Gly-Gly motif, consistent with the
second type of ubiquitin-like protein. The level of sequence iden-
tity between the SUb regions and ubiquitin varies from 16 to 31%.
A relationship between sequence identity and structural similarity
has previously been described~Chothia & Lesk, 1986; Sander &
Schneider, 1991; Chelvanayagam et al., 1994; Holm, 1998!, and it
is generally recognized that proteins with greater than 25% se-
quence identity share the same fold, as seen with the recently
solved ubiquitin-like structures for Rub10NEDD8 ~Rao-Naik
et al., 1998; Whitby et al., 1998!. The length over which the
identity is calculated is an important factor, and while SUb is only
about 80 amino acids long, if it does not adopt a ubiquitin fold,
then this example redefines the bounds on the “twilight zone”
~Doolittle, 1986! within which proteins with different sequences
may have the same fold, and conversely, proteins with limited
similarity may adopt different folds. Nevertheless, other ubiquitin-
like sequences exhibit widely differing levels of sequence identity
with ubiquitin, such as Rad23~22%!, Dsk2 ~36%!, Rub1 ~53%!,
and the baculoviral ubiquitin variant~76%! ~Guarino, 1990; Wat-
kins et al., 1993; Biggins et al., 1996; Liakopoulos et al., 1998!.
Further, the NMR structure of the ubiquitin-like protein SUMO-1
~mammalian homologue of theS. cerevisiaeSmt3 protein! was
recently solved and found to be almost identical to ubiquitin, de-
spite SUMO-1 displaying only 18% amino acid identity with ubiq-
uitin ~Bayer et al., 1998!. Therefore, the relatively low level of
sequence similarity between the SUb proteins and ubiquitin need
not necessarily reflect on the likelihood of SUb adopting a ubiq-
uitin fold.

The ubiquitin-like folds that occur in the Ras-binding domains
~RBD! of Raf and Ral, the B1 immunoglobulin binding domain of
streptococcal protein G and@2Fe-2S# ferredoxin have evolved to
interact with other proteins in ways that differ to ubiquitin. In both
the Rap-Raf RBD complex~Nassar et al., 1995! and the strepto-
coccal protein G-IgG complex~Achari et al., 1992; Gallagher

Fig. 4. The SUb domain of Ubp6 is not required for activity in vitro.
Extracts ofE. coli expressing either: no Ubp~lane 1!; mouse Ubp Unp
~Gilchrist et al., 1997; lane 2!; Ubp6D2-79 ~three independent clones;
lanes 3–5!; or full-length Ubp6~two independent clones; lanes 7–8! were
incubated at 378C for 1 h with purified, metabolically35S-Met-labeled
Ub-GSTP1. The products were resolved by 10% SDS-PAGE and fluoro-
graphed~see Materials and methods!. Bands, corresponding to Ub-GSTP1,
GSTP1, and Ub, are indicated on the left.
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et al., 1994!, an interprotein antiparallelb-sheet is formed, joining
strand 2 of the ubiquitin fold with a strand in the other molecule.
Figure 1 suggests that strand 2 in SUb is one of the least conserved
parts of the molecule and that the loop connecting strands 1 and 2
is variable in length. Thus, even though strand 2 lies adjacent to the
highly conserved C-terminal region of the helix, this is probably
not a normal interaction site for SUb. The@2Fe-2S# ferredoxin
domain in the oxidase-related aldehyde oxido-reductase fromDe-
sulfovibrio gigas~Archer et al., 1995! packs against three other
domains, the ubiquitin-like helix and the loop before strand 3
forming most of the interface to the other domains. Surprisingly,
few of the interface residues are hydrophobic. In the SUb model,
the helix0strand 3 loop is much shorter than in the ferredoxin fold;
thus it is possible that this region of the molecule is involved in
packing against other domains within Ubp6 and Unk molecules.

The Thr39 residue that is absolutely conserved in the SUb fam-
ily is conspicuously located on the surface of the model. Phos-
phorylation as a prerequisite to ubiquitination has been described
for several substrates of the SCF ubiquitin protein ligase and also
the IkBa kinase, the inhibitor of NFkB ~Chen et al., 1996; Skow-
yra et al., 1997!. Whether or not this property may be shared by
ubiquitin-like proteins is unknown. However, the sequence sur-
rounding Thr39 does not contain any known phosphorylation mo-
tifs ~Kishimoto et al., 1985; Woodgett et al., 1986; Kreegipuu
et al., 1998!, although this does not rule out phosphorylation at this
residue. Interestingly, the RNA splicing factor S114~Kramer et al.,
1995! and several other putative ubiquitin-like molecules have a
Thr at this position.

The identification of a ubiquitin fold in an enzyme of the ubiq-
uitin pathway is unexpected. However, there are several ways in
which SUb could contribute to the function of the Ubp6 enzyme.
Ubp sequences contain conserved domains that include candidate
thiol protease catalytic triad residues~Baker et al., 1992; Wilkin-
son, 1997!. There is little similarity between family members apart
from these domains, and the contribution of the nonconserved
sequence regions in Ubp enzymes is largely unknown. Therefore,
SUbUBP6 represents one of only a few sequence elements so far
identified in the Ubp family that is both distinct from the domains
common to all Ubps and also found in other proteins. It is likely
that SUbUBP6 exerts a function distinct from the proteolytic activ-
ity already shown for Ubp6 and that this involves the formation of
a domain separate from the remainder of the enzyme. SUbUBP6 is
not required for the Ubp activity of Ubp6, as supported by in vitro
assays that show no obvious difference in Ubp activity between
Ubp6 and Ubp6D2-79 ~Fig. 4!. This is further supported by the
absence of any ubiquitin-like sequences in other Ubps character-
ized to date. Conversely, Ubp6D2-79 fails to rescue anS. cerevi-
siae ubp6null phenotype~R.T. Baker, unpubl. data!, suggesting
that Ubp6 function is mediated by SUbUBP6 in vivo.

It has been shown that recombinantS. cerevisisaeUbp6 can
cleave a-linked ubiquitin fusions in vitro; however, its natural
substrates remain unidentified~Park et al., 1997!. Ubp6 must con-
tribute to ubiquitin–protein degradation in yeast given that a hap-
loid ubp6 null strain exhibits a proteolytic defect as detected by
two tests: the increased stability of a model substrate~ubiquitin–
Pro-b-galactosidase! and sensitivity to the arginine analogue cana-
vanine ~A.M. Wyndham & R.T. Baker, unpubl. obs.!. SUbUBP6

could conceivably promote the association of Ubp6 with ubiquitin-
binding proteins and therefore potential substrates~including ubiq-
uitin itself!. Alternatively, SUbUBP6 may auto-inhibit Ubp6 by
blocking its own ubiquitin binding site until displaced by the

physiological substrate. The presence of a hydrophobic surface on
the majority of SUb proteins is consistent with a possible role for
SUb in associating with other proteins; alternatively, a hydropho-
bic patch may be required for interaction between SUb and the
C-terminal portion of the Ubp6 or Unk proteins.

Given the role of other ubiquitin-like motifs in protein–protein
interactions, it is tempting to speculate that SUbUBP6 contributes in
some way to Ubp6 substrate recognition. A particularly interesting
model is illustrated by the Rad23 protein, which binds to the 26S
proteasome via a ubiquitin-like motif~Schauber et al., 1998!, en-
abling the Rad4 excision repair enzyme, also bound to Rad23, to
carry out its role in DNA repair. Therefore, Ubp6 may target sub-
strates to the proteasome in a similar manner, a possibility that is
currently being explored. The discovery of the rabbit Ubp6 homo-
logue suggests another model. The rabbit Ubp6 homologue was
first isolated from ribosomal fractions that exhibited a tRNA trans-
glycosylase~TGT! activity ~Deshpande et al., 1996!. The TGT
activity that was then ascribed to the rabbit protein has not been
verified for it or any of the other Ubp6 homologues. Nevertheless,
this led us to speculate that Ubp6 may be associated with ribo-
somes and could carry out processing of ubiquitin precursor pro-
teins, a process that is thought to occur cotranslationally~Baker
et al., 1994!. An association of this type would also allow Ubp6 to
detect “uncleavable” ubiquitin fusions as they emerged from the
ribosome and target them for degradation, consistent with theubp6
null phenotype.

The conservation of the Lys54 and Lys70 residues and their
position in the model at sites that match those for Lys48 and Lys63
of true ubiquitin has led us to speculate that one or both of these
residues may be the site of multi-ubiquitin chain attachment. Lys48
in ubiquitin is the residue of primary importance for multi-ubiquitin
chain formation and consequent substrate degradation by the pro-
teasome. Lys63-linked chains are less common, but can still func-
tion to target a substrate for degradation, and this type of chain has
been implicated in stress response, DNArepair, and ligand-dependent
receptor internalization in yeast, and degradation of “uncleavable”
ubiquitin fusions~Arnason & Ellison, 1994; Johnson et al., 1995;
Galan & Hagenauer-Tsapis, 1997!. Therefore, the Lys54 and Lys70
residues of SUbUBP6 may represent a means through which the
Ubp6 protein is degraded. Interestingly, multi-ubiquitination of the
N-terminal moiety is required for the degradation of “uncleav-
able” ubiquitin fusions such as ubiquitin-Pro-b-galactosidase and
ubiquitinV76-V-b-galactosidase~Johnson et al., 1995!. It will be
interesting to determine whether SUb, as an uncleavable ubiquitin
analogue, enables Ubp6 to be targeted by a similar pathway.

Methods

Sequences and alignments

Sequence databases were searched for matches with the BLAST
tool ~Altschul et al., 1997; http:00www.ncbi.nlm.nih.gov! using
either the full lengthS. cerevisiaeUbp6 sequence or the N-terminal
region ~SUbUBP6! as a target. Although the approach of using
Expressed Sequence Tag~EST! databases can be of use in iden-
tifing new gene products~Board et al., 1997!, caution must be
applied so as to try to discriminate between errors and genuine
sequence variation. As ESTs exhibit approximately 3% base am-
biguity ~Boguski et al., 1993!, the quality of the sequence data in
the databases is a key issue when it comes to identifying important
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amino acids in the protein. To maximize accuracy, overlapping
EST fragments of the same putative protein were aligned and a
majority rules approach was used to designate the amino acid at
any position. For those hypothetical proteins derived from a single
EST ~see Table 1!, particular caution must be applied. Those se-
quences identified as containing a SUb domain were extracted and
SUb regions aligned with ubiquitin in Figure 1, using the program
CLUSTAL W ~Thompson et al., 1994! with default settings. Sub-
sequent minor manual adjustments were made to the alignment as
suggested by computer modeling of the structure.

Computer modeling

Working from the original CLUSTAL W output, an initial model of
human SUb was constructed with the Insight software package
~MSI0Biosym, San Diego, California!, using the human structure
of ubiquitin as a template~PDB identifier 1UBQ!. Starting coor-
dinates were generated with the HOMOLOGY and BUILDER
programs, which were subsequently refined with repeated cycles
of energy minimization and molecular dynamics using the DIS-
COVER program, relaxing hydrogen atoms first before allowing
side chains to move. Refinement was done in vacuum, but with a
distance dependent dielectric constant, using charges but no cross
or Morse terms. Due to the relative deletion in the target sequence
at position 62, a random loop was inserted using Asp61 and Asn66
as anchor points. Out of the pool of loops generated, a loop with
low deviation from expected backbone angles at the splice junc-
tions and which buried Trp64 was selected. Only short minimiza-
tion runs were required for refinement~200 cycles of steepest
decent followed by 200 cycles of conjugate gradients!. Likewise,
short dynamics trajectories were calculated using 1,000 steps of
equilibration followed by 5,000 steps of dynamics at each of 600,
400, and 300 K. Dynamics was only applied to the four residues at
each terminus and to the residues in the loop.

To assess the quality of the model, PROCHECK~Laskowski
et al., 1993! was used to check the overall geometry of the model.
The burial of hydrophobic residues and exposure of hydrophilic
residues were determined by visual inspection of the final model.
Potential covariations were detected by computer software~G.
Chelvanayagam, unpubl. obs.!. The automated structure prediction
computer programs THREADER~Jones et al., 1992! and PHD
~Rost et al., 1994; Rost & Sander, 1994! were also used to compare
results.

Construction and assay of recombinant Ubp6 proteins

The full Ubp6 open reading frame was amplified with primers
UBP65 ~59 d@GCGAATTCAATATGAGCGGAGAAAAG#! and
UBP63~59 d@GAGGATCCGACTTACAGACCAAATCC#! that add
an EcoRI site upstream of the ATG codon, and aBamHI site
downstream of the stop codon, respectively. The catalytic domain
was amplified with UBP6N80~59 d@GGGAATTCAATATGAAC
CTGATTTCTAAACC#! and UBP63; the former primer adds an
ATG codon and anEcoRI site immediately upstream of codon
Asn80 of Ubp6. These primer pairs were used in conjunction with
a clone containing the completeUBP6gene~Park et al., 1997! and
a proofreading thermostable DNA polymerase~Pfu-Turbo, Clon-
tech, Palo Alto, California! in the polymerase chain reaction using
conditions recommended by the manufacturer. Amplification prod-
ucts were digested withEcoRI andBamHI, subcloned into pUC18
and sequenced~Thermosequenase, Amersham, Little Chalfont,

United Kingdom! in full to reveal no amplification-induced errors,
and then re-cloned into the pKK223-3-basedEscherichia coliex-
pression vector pKK261~Baker et al., 1994!. Expression was in-
duced in logarithmically growing cultures with 1 mM IPTG for
2.5 h, extracts were prepared by a lysozyme0sonication procedure
~Baker et al., 1994!, and insoluble material removed by centrifu-
gation. Equal volumes of lysates were incubated with a purified,
metabolically labeled35S-Ub-GSTP1 fusion protein~Baker et al.,
1994!, incubated for 1 h at 378C, resolved by 10% SDS-PAGE,
and fluorographed~EnHance, NEN, Boston, Massachusetts!.
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