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Tob belongs to the anti-proliferative Tob/BTG protein family. The expression level of Tob family proteins
is strictly regulated both transcriptionally and through post-translational modification. Ubiquitin (Ub)/
proteosome-dependent degradation of Tob family proteins is critical in controlling cell cycle progression
and DNA damage responses. Various Ub ligases (E3s) are responsible for degradation of Tob protein. Here,
we show that Tob family proteins undergo monoubiquitination even in the absence of E3s in vitro. Deter-
mination of the ubiquitination site(s) in Tob by mass spectrometric analysis revealed that two lysine res-
idues (Lys48 and Lys63) located in Tob/BTG homology domain are ubiquitinated. A mutant Tob, in which
both Lys48 and Lys63 are substituted with alanine, is more strongly polyubiquitinated than wild-type
Tob in vivo. These data suggest that monoubiquitination of Tob family proteins confers resistance against
polyubiquitination, which targets proteins for degradation. The strategy for regulating the stability of Tob
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family proteins suggests a novel role for monoubiquitination.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Tob, a member of the anti-proliferative Tob/BTG family of pro-
teins, is involved in the regulation of cell cycle progression at the
G1 phase [1-3]. Tob’s expression levels and phosphorylation status
change during the cell cycle [2], and decreased expression and/or
phosphorylation relative to normal tissues have been detected in
several human cancers, including lung and thyroid cancer [3,4].
These observations suggest that the level of Tob expression and
its phosphorylation status are strictly regulated to maintain normal
cell growth. Whereas the expression of Tob family genes is regu-
lated at the transcriptional level during cell differentiation or DNA
damage response [1], it has been reported that post-translationally
the Ub/proteosome pathway is also involved in controlling the
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amounts of these proteins [5]. Indeed, several E3 Ub ligases includ-
ing SCF5*P? regulate the level of Tob protein [6,7]. Furthermore, pro-
teosome-mediated degradation of Tob is important for regulating
cell cycle progression as well as DNA damage-induced apoptosis
[6,8].

Proteins targeted for degradation by the Ub/proteosome system
are marked by covalent linkage to Ub. Initially, Ub is activated by a
Ub-activating enzyme (E1) in an ATP-dependent manner. The acti-
vated Ub is subsequently transferred to a Ub-conjugating enzyme
(E2), and ultimately binds to a lysine residue on the substrate in
a process mediated by an E3 ligase [9]. Different types of Ub mod-
ifications have distinct cellular functions [10-12]. A polyUb chain
linked to Lys48 is associated with proteosome-dependent degrada-
tion, whereas a polyUb chain linked to Lys63 affects endocytosis or
DNA repair processes. Moreover, covalent modification of proteins
by a single Ub (monoubiquitination) plays important roles in
regulation of signal transduction, endocytosis, and DNA repair pro-
cesses [13,14]. Recent reports have shown a number of Ub-binding
domain (UBD)-containing proteins to be monoubiquitinated
in vitro independently of the activity of E3 ligases [15]. Monoubig-
uitination of ubiquitin-binding proteins inhibits their capacity to
bind to and control the functions of ubiquitinated targets in vivo
[16].


http://dx.doi.org/10.1016/j.bbrc.2011.04.107
mailto:toru@ims.u-tokyo.ac.jp
mailto:tyamamot@ims.u-tokyo. ac.jp
mailto:tyamamot@ims.u-tokyo. ac.jp
http://dx.doi.org/10.1016/j.bbrc.2011.04.107
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

T. Suzuki et al./ Biochemical and Biophysical Research Communications 409 (2011) 70-74 71

In this study, we found that Tob/BTG family proteins are mono-
ubiquitinated in the absence of E3s in vitro. We further showed that
the monoubiquitination event correlates with lower levels of poly-
ubiquitination. Therefore, monoubiquitination of Tob/BTG family
proteins appears to regulate their stability by affecting polyubiqui-
tination and concomitant proteosome-dependent degradation.

2. Materials and methods
2.1. DNA constructs

The cDNAs encoding Tob family genes were inserted into
PET-26b expression vector (Novagen) for protein expression in
Escherichia coli. Since full-length Tob protein could not be prepared
due to its instability and insolubility, Tob constructs lacking several
amino acids in the carboxy-terminal region were prepared. The Tob
deletion constructs (amino acids 1-332, 1-232 and 1-112) were
constructed by polymerase chain reaction (PCR). The cDNAs of E2
proteins were cloned by PCR and inserted into pGEX6P-1 vector
(GE Healthcare). To express Tob in mammalian cells, we used the
SRa promoter-driven mammalian expression vector pME18S [2].

2.2. Preparation of recombinant proteins

6xHis-tagged proteins of the Tob/BTG family were expressed in
E. coli BL21, and the cells were lysed by sonication in buffer A
(50 mM Tris-HCI [pH 8.0], 200 mM NacCl, 1 mM PMSF, 5 mM imid-
azole). The proteins were purified using Ni-NTA Sepharose beads
(Qiagen), and eluted from the beads with buffer A containing
125 mM imidazole. Glutathione S-transferase (GST)-fused E2 pro-
teins expressed in BL21 E. coli were purified with glutathione-
Sepharose beads (GE Healthcare). The GST portion of each protein
was cleaved with precision protease (GE Healthcare). All purified
proteins were dialyzed in buffer B (20 mM Tris-HCl [pH 7.5],
50 mM NaCl, 5% glycerol).

2.3. Antibodies

Anti-Tob monoclonal antibody (4B1) was obtained from IBL.
Anti-ubiquitin (FK2) and anti-His (OGHis) antibodies were pur-
chased from MBL.

2.4. Cell culture, transfection, and immunoblotting

Cos7 cells were maintained in Dulbecco’s modified Eagle’s med-
ium supplemented with 10% fetal bovine serum in 5% CO, at 37 °C.
The cells were transfected with the expression plasmids using Fu-
GENE 6 transfection reagent (Roche). Immunoblot analysis was
performed as described previously [2].

2.5. Detection of polyubiquitination in vivo

Cos7 cells were co-transfected with Tob expression vectors and
6xHis-Ub expression vector. The cells were treated the next day
with 50 pM MG132 (Peptide Institute) for 3 h. Cell lysates were
prepared using denaturing buffer (6 M guanidine-HCI, 10 mM
phosphate buffer [pH 8.0], 10 mM imidazole). His-Ub-conjugated
proteins were purified with Ni-NTA agarose and analyzed by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) followed by immunoblotting.

2.6. In vitro ubiquitination assay

Bovine ubiquitin (15 pg, Sigma), recombinant E1 (200 ng, Bos-
ton Biochem), recombinant E2 protein (1 pg), and recombinant

Tob family proteins (100 ng) were mixed in 30 pl of buffer C
(40 mM Tris-HCl [pH 7.4], 5mM MgCl,, 2 mM dithiothreitol,
2 uM ATP). The mixtures were incubated for 1.5 h at 30 °C, and
the reaction products were analyzed by SDS-PAGE followed by
immunoblotting.

2.7. Mass spectrometric analysis

The in vitro ubiquitination of Tob was performed as described
above. In total, 5 pg of recombinant Tob was subjected to the reac-
tion. After the reaction, Tob was purified with Ni-NTA Sepharose in
buffer (20 mM Tris-HCI [pH 7.5], 500 mM Nacl, 1% Triton X-100,
5 mM 2-mercaptoethanol). The purified Tob was then separated
by SDS-PAGE and visualized using Silver Staining Kit MS (Wako).
For mass spectrometric analysis, bands corresponding to ubiquiti-
nated Tob were excised from the gel and digested in the gel with
trypsin (1 pmol/pl) for 12 h at 37 °C. The eluted peptides were
loaded onto the automated nanoflow liquid chromatograph (Dina)
and tandem mass spectrometer (QSTAR Elite). The peptide masses
obtained by LC-MS/MS analysis were searched against the non-
redundant protein sequence database of the National Center for
Biotechnology Information using the Mascot search engine (Matrix
Science, London, UK).

3. Results
3.1. In vitro monoubiquitination of Tob

Tob/BTG family proteins are polyubiquitinated and subse-
quently degraded by the 26S proteosome [5,8]. Several E3 Ub
ligases are responsible for Tob ubiquitination [6,7]. To detect the
activity of Tob ubiquitination in cytoplasmic extracts, we set up
an in vitro ubiquitination assay using recombinant E1, E2 and
Tob-His (amino acids 1-332) as well as Ub. Unexpectedly, a single
slow migrating form of Tob was detected by immunoblotting even
in reactions lacking cytoplasmic extracts (Fig. 1, left and middle
panels). The slow migrating form was recognized by the anti-Ub
antibody and was produced only when all the protein components
were present (Fig. 1, right panel). We did not detect any obvious
signals other than the slow migrating form. These data suggest that
Tob is monoubiquitinated in vitro in a manner independent of E3s.

3.2. Tob/BTG family proteins are monoubiquitinated in vitro

We next carried out an in vitro ubiquitination assay using the two
shorter forms of His-tagged Tob, Tob-His (1-232) and Tob-His (1-
112), and found both forms were also monoubiquitinated (Fig. 2A).
As the amino acid sequence (amino acids 1-112) is well conserved
among the Tob/BTG family proteins, we tested whether the propen-
sity to undergo monoubiquitination is conserved among protein
family members. In vitro ubiquitination assay followed by immuno-
blot analysis revealed that both Tob2 and BTG2 also became mono-
ubiquitinated (Fig. 2B). Interestingly, UBCH4 and UBCH5a but not
UBCH3 were able to mediate the monoubiquitination of Tob/BTG
family proteins.

3.3. Determination of monoubiquitination site(s)

The data shown in Fig. 2A indicate that monoubiquitination of
Tob occurs within its N terminal half. To determine the monoubiqg-
uitination site(s), we performed mass spectrometry. We prepared
large amounts of in vitro ubiquitinated Tob proteins and subjected
them to SDS-PAGE (Fig. 3A). After silver staining of the gels, the
corresponding band was cut out from the gel and analyzed by pep-
tide mass fingerprinting, and we identified Lys48 and Lys63 of Tob
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Fig. 1. E3-independent ubiquitination of Tob in vitro. In vitro ubiquitination assay of recombinant Tob was performed in the presence of the indicated proteins. Recombinant
UbcH5b was used as an E2 protein. Immunoblot analysis of the reaction products using anti-Tob antibody (left and middle) and anti-ubiquitin antibody (right) are shown.
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Fig. 2. E3-independent ubiquitination of Tob family proteins in vitro. In vitro ubiquitination assay of the indicated constructs of proteins belonging to the Tob/BTG family were
performed. E2 proteins were used as indicated. (A) The reaction products of Tob-His (1-332) and Tob-His (1-230) are detected with anti-Tob antibody and those of Tob-His
(1-112) are detected with anti-His antibody. (B) The reaction products of Tob2-His and Btg2-His are detected with anti-His antibody.

as in vitro monoubiquitinated sites. It is noteworthy that the amino
acid sequence around Lys48 and Lys63 of Tob are located in the A
domain, which is highly conserved among Tob/BTG family proteins
[1] (Fig. 3B).

To confirm that Tob is ubiquitinated at Lys48 and Lys63 in vitro,
we constructed Tob mutants in which Lys48, Lys63, or both Lys48
and Lys63 are substituted with alanine (TobK48A, TobK63A, or
TobK48,63A, respectively). In vitro ubiquitination assay revealed
that only a small amount of a slow migrating form was produced
from the TobK48A mutant, whereas a slow migrating form was
clearly detected in the reaction products of the TobK63A mutant
(Fig. 3C), albeit slightly less than that seen in wild-type Tob. Fur-
thermore, TobK48,63A yielded no slow migrating form. These data
suggest that Lys48 is a major monoubiquitination site in Tob and
that the contribution of Lys63 to monoubiquitination of Tob is
small. Lys48 but not Lys63 is conserved among the corresponding
amino acid sequences of all Tob/BTG family proteins.

3.4. Tob monoubiquitination affects Tob polyubiquitination

To examine the biological significance of Tob monoubiquitina-
tion in vivo, wild-type Tob or Tob mutant (TobK48A, TobK63A, or
TobK48,63A) vectors were transfected into Cos7 cells together with
6xHis-tagged Ub expression vector. His-Ub-conjugated proteins
were then purified with Ni-NTA agarose under denaturing

conditions. Immunoblot analysis of the purified fractions showed
that polyubiquitination of TobK48A and TobK63A is enhanced
relative to wild-type Tob (Fig. 4). These data suggest that mono-
ubiquitination of Tob at either Lys48 or Lys63 suppresses polyubiq-
uitination of Tob in vivo. It should be noted that the degree of
polyubiquitination of TobK63A is greater than that of TobK48A.
Although Lys48 is a major Tob ubiquitination site in vitro
(Fig. 3C), monoubiquitination at Lys63 contributed more strongly
than monoubiquitination at Lys48 toward suppression of Tob poly-
ubiquitination in vivo. Nevertheless, since TobK48,63A is much
more strongly polyubiquitinated than either TobK48A or ToK63A
(Fig. 4), we concluded that tandem monoubiquitination at both
Lys48 and Lys63 downregulated polyubiquitination of Tob.

4. Discussion

In this study, we found that Tob/BTG family proteins undergo
monoubiquitination in the absence of E3s in vitro. The lysine
residues universally conserved among members were identified
as major monoubiquitination sites. Elevated polyubiquitination of
TobK48,63A in comparison with wild-type Tob (Fig. 4) suggests
that monoubiquitination somehow suppresses polyubiquitination.
Just as monoubiquitination of UBD-containing proteins triggers
intramolecular interactions with the UBD that prevent them from
binding in trans to ubiquitinated targets [15], monoubiquitination
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Fig. 3. Determination of Tob monoubiquitination sites. (A) Silver staining of in vitro ubiquitinated Tob. The position of monoubiquitinated Tob is indicated with a red square.
The asterisk indicates a non-specific protein band derived from E. coli. (B) Alignment of Tob/BTG family protein amino acid sequence surrounding candidate ubiquitination
sites. (C) In vitro ubiquitination assay of Tob mutants. Immunoblot analysis of the reaction products of the indicated Tob mutants using anti-Tob antibody are shown. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Monoubiquitination of Tob affects its polyubiquitination in vivo. Wild-type
Tob or Tob mutant (TobK48A, TobK63A, or TobK48,63A) vectors were transfected
into Cos7 cells together with 6xHis-tagged Ub expression vector. The next day, cells
were treated with MG132 (+) or DMSO (-) for 3 h. His-Ub-conjugated proteins were
purified on Ni-NTA agarose under denaturing conditions. Immunoblot analysis of
the purified fractions using anti-Tob antibody is shown.

of Tob may induce a conformational change that restricts E3s’
access, resulting in suppression of polyubiquitination. Alterna-
tively, UBD-containing proteins might be involved. Given that
UBD-containing proteins recognize monoubiquitinated Tob, they
may prevent E3s from polyubiquitinating the monoubiquitinated
Tob protein. Structural analysis of monoubiquitinated Tob will help
in understanding whether the inhibition of polyubiquitination by
monoubiquitination is caused by intramolecular or intermolecular
interactions. In the latter case, identification of molecules that
specifically interact with monoubiquitinated Tob would be an
important task.

While UBD-containing proteins monoubiquitinate themselves
through the interaction between UBD and Ub-conjugated E2
enzymes [15], proteins in the Tob/BTG family lack any obvious
UBD. Nevertheless, we cannot exclude the possibility that the
unique sequences conserved among proteins of the Tob/BTG family
in their amino-terminal regions might serve as a novel domain for
self-monoubiquitination.

Tob is responsible for keeping cells in the quiescent state in the
absence of mitogenic stimuli and also for blocking DNA damage-
induced apoptosis [2,8]. Monoubiquitination of Tob may modulate
Tob’s ability to perform these activities. Generation of antibodies
specific to monoubiquitinated Tob is needed to analyze it’s subcel-
lular localization and protein interactions and ultimately to under-
stand the biological significance of Tob monoubiquitination. In
conclusion our current finding that the degree of polyubiquitina-
tion of Tob is controlled by its monoubiquitination indicates a no-
vel strategy for protein stabilization.
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