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Structural analysis of UBL5, a novel ubiquitin-like modifier
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Abstract

UBL5 is a widely expressed human protein that is strongly conserved across phylogeny. Orthologs of UBL5
occur in every eukaryotic genome characterized to date. The yeast ortholog of UBL5, HUB1, was reported
to be a ubiquitin-like protein modifier important for modulation of protein function. However, unlike
ubiquitin and all other ubiquitin-like modifiers, UBL5 and its yeast ortholog HUB1 both contain a C-
terminal di-tyrosine motif followed by a single variable residue instead of the characteristic di-glycine found
in all other ubiquitin-like modifiers. Here we describe the three-dimensional structure of UBL5 determined
by NMR. The overall structure of the protein was found to be very similar to ubiquitin despite the low ∼25%
residue similarity. The signature C-terminal di-tyrosine residues in UBL5 are involved in the final � sheet
of the protein. This is very different to the di-glycine motif found in ubiquitin, which extends beyond the
final � sheet. In addition, we have confirmed an earlier report of an interaction between UBL5 and the
cyclin-like kinase, CLK4, which we have determined is specific and does not extend to other cyclin-like
kinase family members.
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UBL5 was initially identified in a screen for highly ex-
pressed genes in human iris (Friedmann et al. 2001). The
gene encodes a protein of 73 amino acids with a molecular
weight of 8.5 kD and a pI of 8.6. The amino acid sequence
of UBL5 is identical to that of Beacon (Collier et al. 2000),
a protein reported to be involved in feeding behavior and
development of obesity and type 2 diabetes in the Israeli
sand rat Psammomys obeseus. Quantitative RT-PCR of

Beacon expression in the rat hypothalamus demonstrated a
correlation between beacon mRNA levels, body fat percent-
age, and plasma insulin levels. Recent reports indicate that
UBL5 may also interact with the cyclin-like kinase CLK4
(Collier et al. 2000). Cyclin-like kinases have been reported
to be involved in the regulation of the activity of PTP1B
(Moeslein et al. 1999) a protein that is involved in the
development of both diabetes and obesity.

Based on sequence homology and structure prediction
algorithms it is predicted that the protein UBL5 has a struc-
ture similar to ubiquitin (Friedmann et al. 2001). The se-
quence similarity is, however, weak, and the protein does
not contain the characteristic di-glycine residues at its C
terminus that are required for ubiquitin-like modifiers to
conjugate to their target proteins (Hochstrasser 1996;
Jentsch and Pyrowolakis 2000; Glickman and Ciechanover
2002). The yeast ortholog of UBL5, HUB1, has been re-
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ported to have ubiquitin-like modifier activity (Jentsch and
Pyrowolakis 2000; Dittmar et al. 2002). UBL5 has been
shown to be interchangeable with HUB1 in a yeast-based
assay that measured its ability to rescue HUB1 mutants
from a mating projection defect (Dittmar et al. 2002). These
data from yeast suggest that UBL5 like HUB1, covalently
attaches to other proteins and based on its sequence does so
in a manner distinct from the di-glycine containing ubiqui-
tin-like proteins.

Although several predictions have been made for the
structure of UBL5, no experimental data are available. Here,
we describe the three-dimensional structure of UBL5 and
compare it to that of ubiquitin. We also report on our studies
of the interaction of UBL5 with CLK4 and other cyclin-like
kinase family members using yeast two hybrid studies.

Results

Yeast two-hybrid interactions of UBL5

UBL5 has been reported to interact with the cyclin-like
kinase CLK4 (Collier et al. 2000). CLK4 is a member of the
LAMMER family of protein kinases, which includes three
other closely related proteins (Schultz et al. 2001). Yeast
two-hybrid analysis was used to determine whether UBL5
could interact with CLK1 and CLK2, the most closely re-
lated family members with the highest sequence similarity
to CLK4. Constructs comprising the full length of CLK1
and CLK2 genes in a two-hybrid bait vector were trans-
formed into yeast strain AH109 containing the UBL5 gene
fused to the GAL4 activating domain. CLK1 and 2 are
known to undergo alternative splicing that, due to the pres-
ence of a stop codon in each intervening exon, results in a
truncated protein product (Menegay et al. 2000). This dif-
ferential splicing has not, as yet, been reported for CLK4,
but such splice variants were identified in our attempts to
isolate the CLK4 transcript from cDNA libraries by RT-PCR.

The only construct that grew on nonpermissive minimal
medium was the CLK4 full-length construct, and not the
C-terminally truncated splice variant. None of the afore-
mentioned constructs grew on permissive minimal medium
when transformed with the GAL4-activating domain alone,
suggesting that the CLK4 interaction was specific to UBL5.
Because the splice variant of CLK4 did not interact with
UBL5, it can be assumed that the interaction between UBL5
and CLK4 is mediated by the C terminus of the protein,
where the kinase domain resides. Interestingly, this is where
CLK4 and, in particular CLK1, are the most similar in se-
quence. Because the interaction was detected using yeast
two-hybrid screening it is still not known if the interaction
is covalent or not.

Protein structure determination

An N-terminal His-tagged version of UBL5 was expressed
in Escherichia coli, isotopically labeled, and purified. After

cleavage of the His tag the protein was found to aggregate
at concentrations above 0.1 mM over a wide pH range and
was thus unsuitable for NMR structural studies. The un-
cleaved protein was stable and was used in the structural
studies. The 15N HSQC spectrum of the tagged protein was
essentially identical to that of the wild-type protein, indi-
cating that the fold of the protein is preserved. The back-
bone and side-chain resonances of the protein were assigned
from standard heteronuclear three-dimensional NMR ex-
periments (see Materials and Methods) recorded on a pro-
tein sample that was uniformly labeled with 15N and 13C.

The structure of the UBL5 was determined from a total of
952 unambiguous NMR-derived distance and torsion angle
restraints along with 307 ambiguous distance restraints. Fig-
ure 1A depicts a backbone (N,C�,C�) superposition of 10
low-energy structures that were derived from the NMR data
using the program CNX (MSI). Excluding the N-terminal
tag the atomic root-mean-squared-deviation (RMSD) about
the mean position is 0.51 ± 0.06 Å for the backbone atoms
and 1.02 ± 0.09 Å for all heavy atoms. There are no dihe-
dral-angle violations greater than 5° and no NOE violations
greater than 0.4 Å. Only covalent geometry, NOE, torsion,
and repulsive terms were included in the structure refine-
ment. Even so, the Lennard-Jones energy is large and nega-
tive (−380 ± 13 kcal mole−1), indicating that the structures
have favorable nonbonded contacts. A summary of the
structural statistics is given in Table 1 of the supplementary
material. Analysis of the average-minimized structures (1–
73) with the program PROCHECK showed that 70% of the
residues for UBL5 lie in the most favored region of the
Ramachandran plot, while an additional 28.7% lie in al-
lowed regions (Laskowski et al. 1993).

A ribbon representation (Carson 1987) of the averaged
minimized NMR structure of UBL5 is shown in Figure 1B.
The first �-sheet of the protein starts at its native N termi-
nus. This sheet is connected by a tight turn to another strand
of antiparallel �-sheet. An �-helix follows, and this is con-
nected to a third short sheet. The final sheet of the protein
runs parallel with the second �-sheet and antiparallel to the
short third sheet. The final �-sheet of the protein ends at the
next to last residue of the protein, tyrosine 72. The C-ter-
minal di-tyrosine residues have the characteristic chemical
shifts of residues in a �-sheet, and have the expected cross-
strand NOEs to residues on strands 2 and 3. These data
unambiguously indicate that these residues are involved in
the final �-sheet of the protein and are not exposed residues
on the surface of the protein.

Discussion

UBL5 protein is extremely well conserved across phylog-
eny; all mammalian sequences identified are identical at the
amino acid level. This strong conservation, from yeast to
mammals, suggests an important function for UBL5. In a
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recent publication (Dittmar et al. 2002) the Saccharomyces
cerevisiae HUB1 was demonstrated to play a role in polar-
ized cell morphogenesis. Under different growth conditions,
HUB1 becomes conjugated onto several proteins according
to growth conditions including SPH1 and YDL223c. The
strong sequence conservation between HUB1 and UBL5 as
well as its ability to substitute for HUB1 in yeast are all
evidence that UBL5 is also a ubiquitin-like protein modifier
(Dittmar et al. 2002).

Yeast two hybrid has been used to confirm earlier studies
that indicated an interaction between UBL5 and CLK4.
CLK4 is the most recently identified, and thus most poorly
characterized member of the CLK family. These proteins
are believed to play a role in phosphorylation of serine and
arginine rich non-snRNP splicing proteins (Nayler et al.
1997) and the control of differential splicing, and may also
regulate the activity of PTP1B (Moeslein et al. 1999). It

remains to be determined whether CLK4 can also phos-
phorylate PTP1B. The fact that CLK4 appears to be the only
member of this protein family that interacts with UBL5
suggests that CLK4 may have a role distinct from that of the
other CLKs.

Based on sequence homology it was predicted that UBL5
would be structurally similar to ubiquitin (Friedmann et al.
2001). This is indeed what we have found. In Figure 2, we
show the secondary structure of UBL5 and a sequence
alignment with ubiquitin. The secondary structures of the
two proteins are identical. The additional C-terminal resi-
dues important for conjugation in ubiquitin-like protein
modifiers are, however, missing in UBL5. The backbone
atom RMSD of residues 1–70 of ubiquitin (Cornilescu et al.
1998; PDB entry 1d3z) and 3–72 of UBL5 is 1.53 Å. A
ribbons representation of ubiquitin is shown in Figure 1C,
which can be compared to UBL5 in Figure 1B. The only

Figure 1. (A) Backbone (N,C�,C) superposition of 10 low-energy NMR-derived structures for UBL5. The root-mean-square deviation
(RMSD) to the mean coordinate positions is 0.51 ± 0.06 Å for the backbone atoms (N,C�,C�) and 1.02 ± 0.09 Å for all heavy atoms.
(B) Ribbons depiction of the average-minimized structure for UBL5. The sheets are numbered in the same manner as ubiquitin. (C)
Ribbons depiction of ubiquitin.

Figure 2. Alignment of UBL5 and Ubiquitin (Ubi) showing the common secondary structure and low sequence identity. The additional
C-terminal residues important for conjugation in ubiquitin-like protein modifiers are missing in UBL5.
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notable difference between the two structures is the unstruc-
tured C terminus found in ubiquitin that extends beyond the
end of the highly structured portion of the protein. These
residues of ubiquitin are colored magenta in Figure 1C.
Based on the strong sequence homology between UBL5 and
its orthologs we would expect them to have homologous
structures. We would also expect the UBL5 homologs to all
have the same structured C terminus, which is very different
than that found for ubiquitin and its related modifiers (Bayer
et al. 1998; Cornilescu et al. 1998; Rao-Naik et al. 1998;
Whitby et al. 1998). This is indeed the case for the yeast
ortholog of UBL5, HUB1. The overall fold of HUB1 (PDB
entry 1m94) and UBL5 are identical. The backbone RMSD
between the two proteins is 1.66 Å.

The residues in the C terminus of UBL5 are likely to be
important for conjugation. Studies on HUB1 (Dittmar et al.
2002) suggest that cleavage of the last residue of HUB1
resulted in more efficient HUB1-SPH1 conjugate formation
than the wild-type protein. This suggests that the last resi-
due, found to be variable in orthologs of HUB1 and, in fact,
different in HUB1 and UBL5, is not important for conju-
gation. These data may also indicate that C-terminal prote-
olysis may be an activating step for conjugation.

In summary, we have presented the tertiary structure of
UBL5, and have shown that its overall fold is similar to
ubiquitin. If UBL5 behaves like a ubiquitin-like modifier
(Jentsch and Pyrowolakis 2000; Dittmar et al. 2002) then its
mechanism of protein conjugation should be quite distinct
from that of other ubiquitin-like modifiers because the
structure, described herein, shows that this protein has nei-
ther the unstructured C terminus nor the C-terminal di-gly-
cine motif, which is found for other proteins of this class.
The widespread expression of UBL5 in all tissue types sug-
gests that this protein and its orthologs have an important
functional role. The data presented here may aid in the
elucidation of the conjugation mechanism of this class of
protein modifiers.

Materials and methods

Plasmid construction for structural studies

Several different UBL5 constructs were prepared and evaluated for
their suitability for NMR structural studies. The coding sequence
of UBL5 (GenBank accession no. NM_024292, nucleotides 66–
287) was amplified by PCR with primers encoding 5�- and 3�-
restriction sites. The PCR product was digested and ligated into the
Nde I and Xho I sites of the pET28b(+) plasmid (Novagen), pro-
viding the N-terminal His-tagged (MGSSHHHHHHSSGLVPRGSH)
protein. Constructs were verified by DNA sequencing.

Expression and purification for structural studies

The UBL5 protein used for structural studies was expressed in E.
coli BL21(DE3) grown on M9 media, and purified using a Ni-

NTA affinity chromatography. Uniformly 15N-labeled and uni-
formly 15N,13C-labeled samples were prepared with media con-
taining either 15NH4Cl or 15NH4Cl plus [U-13C]glucose. NMR
samples contained 0.5–1.0 mM protein in either 90% H2O/10%
2H2O or 100% 2H2O, 50 mM sodium phosphate (pH 5.7), and 2
mM 2H-dithiothreitol.

NMR spectroscopy

All NMR data were acquired at 298 K on a Bruker DRX500 or
DRX600 NMR spectrometer. Backbone 1H, 13C, and 15N reso-
nance assignments were achieved with [15N,13C] UBL5 using a
suite of triple-resonance experiments (HN(CA)CB, HN(CO-
CA)CB, HNCO, and HN(CA)C (Clore and Gronenborn 1998;
Kanelis et al. 2001). The side-chain 1H and 13C NMR signals were
assigned from HCCH-TOCSY experiments. NOE distance re-
straints were obtained from three-dimensional 15N- and 13C-edited
NOESY spectra acquired with a mixing time of 80 msec (Ikura et
al. 1990).

Structure calculations

UBL5 structures were calculated using a simulated annealing pro-
tocol with the program CNX (MSI; Brunger 1992). A square-well
potential (FNOE � 50 kcal mole−1) was used to constrain NOE-
derived distances. Based on the cross-peak intensities, NOE-de-
rived distance restraints were given upper bounds of 3.0, 4.0, or 5.0
Å. In the refinement stage, additional ambiguous constraints were
added, with an upper bound of 6.0 Å, for unassigned cross-peaks
that were consistent with the chemical shift table (i.e., error bars of
0.07 ppm for protons, 0.7 ppm for hetero atoms) and the structure.
Torsion angle restraints, � and �, were generated from analysis of
N, C�, C�, and H� chemical shifts using the TALOS program
(Cornilescu et al. 1999). A force constant of 200 kcal mole−1 rad−2

was applied to all torsional restraints. Explicit hydrogen bonds
were included in �-helices and �-sheets for residues observed to
have slowly exchanging amide protons and having appropriate
short range NOEs. The program PROCHECK was employed to
analyze the geometric quality of the calculated structures in the
ensemble (Laskowski et al. 1993). The average minimized coor-
dinates for UBL5 have been deposited with the Protein Data Bank
(RCSB018874; PDB number 1POR).

Yeast two-hybrid analysis

Yeast two-hybrid analysis was performed using the Matchmaker 2
two-hybrid kit (Clontech). Interactions were identified following
the manufacturer’s recommended protocol. The UBL5 gene was
cloned in frame with GAL4 in pGBKT7, and expression was veri-
fied by Western blot using anti-GAL4 antibody (Clontech). Two
hybrid positives were identified by growth on selective LWHA
X-Gal-containing media only in the presence of pGBKT7UBL5
and not pGBKT7 alone.

Electronic supplemental material

Table of structural statistics for UBL5.
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