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Abstract
We report a new class of deubiquitinating enzyme (DUB) probes that resemble the native
diubiquitin with a same linkage size and contain a Michael addition acceptor for trapping the DUB
active-site cysteine. Both K63- and K48-linked diubiquitin probes were generated using a facile
chemical ligation method. The diUb probes were demonstrated to label DUBs from different
families and revealed intrinsic linkage specificities of DUBs.

Deubiquitinating enzymes (DUBs) are essential for many cellular pathways and have
emerged as promising targets for pharmacological intervention.1, 2 DUBs exert effects by
reversing the mono- and polyubiquitination of a large number of proteins in various cellular
pathways. Activity-based probes (ABPs) have been widely used in profiling different classes
of enzymes.3, 4 In recent years, ABPs were also developed for DUBs.5 The most widely
used DUB probe is a monoubiquitin with an electrophilic group introduced at its C-
terminus, such as ubiquitin-vinylsulfone (Ub-VS) or ubiquitin-vinylmethyl ester (Ub-
VME) 6,7. This approach was further extended by either varying the C-terminal electrophilic
group, aiming to improve reactivity or introducing a fluorescent group for easy readout.8–11

Although the monoubiquitin DUB probes have proven to be useful tools for profiling DUBs,
they provide no information of the chain linkage- and target-specificity of DUBs because the
probes contain no ubiquitin acceptor protein. Recent work described DUB probes in which a
peptide derived from the proximal ubiquitin was conjugated to the C-terminus of an intact
ubiquitin.12–14 However, high resolution structures of DUBs in complex with diubiquitin
showed that in addition to the peptide flanking the ubiquitinated lysine residue, more
extensive interactions between DUB and the proximal ubiquitin also contribute to the
diubiquitin recognition by DUBs15, 16. In particular residues in the proximal ubiquitin that
are distant from the modified lysine residue were found to contribute to the diubiquitin
binding and DUB catalysis. Therefore, diubiquitin probes that harbor an intact proximal
ubiquitin are essential for probing the ubiquitin chain-linkage specificity of DUBs.

Here we generated a new class of activity-based diubiquitin probes with defined linkages
(Fig. 1A). Structurally, they closely mimic the native diubiquitin in the linker size. A
Michael acceptor is introduced in the linker between the proximal and distal ubiquitin
moieties in order to trap the catalytic cysteine thiol of the DUB active site.
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In order to introduce a Michael addition acceptor to diubiquitin (diUb) probe, we designed
and synthesized a linker molecule 6 (Scheme S1, ESI†). Compound 6 harbors a Michael
acceptor and acts as a linker to conjugate two ubiquitin moieties (Fig. 1A). Considering that
an amino group and a carbonyl group in 6 cannot coexist due to a ready Schiff base
formation (data not shown), we decided to protect the carbonyl group by forming a ketal. A
synthetic route of compound 6 is shown in Scheme S1. We synthesized 6 by 6 steps with an
overall yield of 6%. All synthesized compounds were characterized by NMR and mass
spectrometry (ESI†).

Next we conjugated 6 to the distal ubiquitin following an intein-based method17. To closely
mimic the isopeptide linkage between the proximal and distal ubiquitin moieties, we utilized
a distal ubiquitin with its last glycine residue (Gly76) removed (Ub1-75). The Ub1-75-intein
construct was expressed in E. coli BL21(DE3) cells. The Ub1-75-intein fusion was purified
by a chitin-affinity column and cleaved by sodium 2-mercaptoethanesulfonate (MESNA) to
generate Ub1-75-MESNA as previously described.17 Ub1-75-MESNA can be readily ligated
with 6 to generate a modified ubiquitin species 7 (Fig. 1A). The modified ubiquitin species
was next deprotected by TFA/H2O/p-TsOH to form the distal ubiquitin species 8 conjugated
with a reactive α-bromo-vinylketone group. For the proximal ubiquitin, we mutated the
targeted lysine, e.g. Lys63 for the K63-linked diubiquitin, to cysteine. The unique cysteine
in the proximal ubiquitin reacts with the α-bromo-ketone to form a stable bond between the
two ubiquitin moieties. Note that a HA tag was introduced to the N-terminus of the proximal
ubiquitin to facilitate its detection by anti-HA antibody. Following the ligation reaction as
shown in Figure 1A, we obtained a diUb probe that closely mimics the native K63-linked
diUb with the same linker size as its native counterpart (Fig. 1A). Importantly, a Michael
acceptor (α,β-unsaturated ketone) was introduced into the linkage so that the activated vinyl
group can trap the DUB catalytic cysteine once the probe is bound to the enzyme active site.
Following the ligation reaction between the distal and proximal ubiquitin moieties and the
subsequent purification, a species corresponding to the diUb probe was detected in the SDS-
PAGE analysis of the ligation product (Fig. 1B). The identity of the diUb probe was
confirmed by ESI mass spectrometry analysis and the linkage specificity was confirmed by
the MS/MS analysis of the ubiquitin tryptic peptide that contains the diubiquitin linkage
(Fig. S1–S3, ESI†). Following the same method, we also generated a diUb probe with a K48
linkage by using the proximal ubiquitin that harbors a K48C mutation (Fig. S4–S6, ESI†).

Next, using the K63C- and K48C-diubiquitin probes we assessed the reactivity of the diUb
probes towards different DUBs. DUBs can be classified into several families and the
ubiquitin-specific proteases (USPs) constitute the largest DUB family. Many USPs are large,
multiple domain enzymes that contain a catalytic core. The reactivity of different USPs
towards the diUb probes was tested by incubating the USPs with either the K63-diUb probe
or the K48-diUb probe. HA-Ub-VME was used as a comparison. As shown in Fig. 2A, the
USP2 catalytic core (USP2-CD) can be efficiently labeled by both the K63C- and the K48C-
diUb probes. Western blotting using anti-HA antibody showed that these bands are indeed
ubiquitin adducts (Fig. S7). The formation of the USP2-diUb adduct was weakened by the
thiol-containing agents DTT or β-mercaptoethanol (Fig. S8). Importantly, the reactivity was
highly dependent on the tertiary fold of DUBs and diUb, because the addition of SDS or
guanidine hydrochloride to the reaction solution abolished the ability of the diUb probe to
form adduct with USP2-CD (Fig. S9). Several other USPs including USP21, USP7 and
USP8 were also tested. Successful labeling of these USPs by the two diUb probes was
observed (Fig. 2B and Fig. S10). We noted that USP8 was labeled by the K63C- and the
K48C-diUb probes albeit with lower efficiency compared to other USPs tested. Importantly,
no significant difference was observed between the K63C- and K48C-diUb probes in
labeling the USPs. Our observation agrees with the notion that many USPs are promiscuous
in ubiquitin chain linkage specificity.18, 19

Li et al. Page 2

Chem Commun (Camb). Author manuscript; available in PMC 2015 January 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We next probed UCH-L1 that belongs to the ubiquitin C-terminal hydrolase (UCH) family
with the diUb probes. The UCH family DUBs are known to prefer to cleave small adducts or
unfolded polypeptides from the C terminus of ubiquitin2, although earlier studies also
reported that some UCHs can also cleave ubiquitin off larger proteins20. We incubated
UCH-L1 with both the K48C- and K63C-diUb probes. In marked contrast to USPs, no
detectable adduct was observed for the K63C-diUb probe and only a very weak adduct was
detected for the K48-linked diUb probe (Fig. 2C). In comparison, the monoUb probe HA-
Ub-VME showed stronger reactivity towards UCH-L1 (Fig. 2C).

Different from USPs, the ovarian tumor (OTU) family DUBs display marked chain linkage
specificity.21, 22 Otubain 1 (OTUB1) harbors strong Lys48 linkage specificity over Lys63
linkage.23, 24 We investigated whether our diUb probes can recapitulate the ubiquitin
linkage specificity of OTUB1. As shown in Fig. 2D, the K48-diUb probe formed a diUb-
adduct, while the K63C-diUb probe did not label OTUB1. Consistent with previous report,
the HA-Ub-VME did not label OTUB125. Clearly our diUb probes revealed the same
diubiquitin linkage specificity of OTUB1 as previously reported.

Further, we carried out activity-based profiling against cellular DUBs using the HA-tagged
K63C-diUb and K48C-diUb probes. The HA-tagged ubiquitin vinyl methyl ester (HA-Ub-
VME) was used as a comparison. The HEK293T cell lysates were incubated with each of
the diUb probes (HA-K63C-diUb probe and HA-K48C-diUb probe) or the monoUb probe
HA-Ub-VME. The cell lysates were then separated on a denaturing SDS-PAGE gel, and
detected with an anti-HA antibody (Fig. 2E). The labeling of cellular DUBs with HA-Ub-
VME is in accordance with previous DUB profiling studies.25 In marked contrast, a much
smaller number of DUBs were detected by the HA-K63C-diUb and the HA-K48C-diUb
probes. Strong labeling of DUBs by the two diUb probes was observed in the molecular
weight range of 100–150 kDa. Weaker labeling of low-molecule weight DUBs was
observed for both diUb probes as compared to the labeling by monoubiquitin probe HA-Ub-
VME. This is understandable given that the low-molecular weight DUB adducts are mainly
due to UCHs.25 The difference further supports the notion that UCHs prefer to act on
ubiquitin with small adducts instead of an acceptor protein. Furthermore, the labeling
patterns of the cellular DUBs by the two diUb probes are different in cell lysates. For
examples, a DUB adduct at molecular weight slightly higher than 150 kDa was observed for
the K48C-diUb probe, but not the K63C-diUb probe.

In conclusion, we have generated a new class of diubiquitin probes and demonstrated that
they can be used to probe the diubiquitin chain linkage specificity in purified DUBs and in
cell lysates. For the USP family DUBs, no obvious difference was detected between the
K48C- and K63C-diUb probes for the tested USPs. In contrast, OTUB1 showed strong K48
linkage specificity and little to no labeling was observed for UCH-L1. Importantly, activity-
based profiling against cellular DUBs showed that the diUb probes can label DUBs in cell
lysates with distinct profiles and improved labeling specificity compared to the monoUb
probe. The presence of an intact proximal ubiquitin moiety allows the potential interaction
between DUBs and the proximal ubiquitin to be recapitulated using the diubiquitin probes.
This represents a major advantage over the monoubiquitin-based probes. The linkage
specific diUb probes will help to attain a better understanding of the DUB linkage
specificity and cellular function in a cellular environment. Moreover, availability of this
class of DUB probes will also facilitate the development of more specific inhibitors against
the large number of DUBs that are expected to possess chain- or target-specificities.
Furthermore, this approach is not limited to diUb probe and can be applied to other proteins
that are ubiquitinated.
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Fig. 1.
Preparation and characterization of K63C- and K48C-diUb probes. (A) Preparation of diUb
probes. (B) Denaturing SDS-PAGE gel showing the formation of the K63C- and K48C-
diUb probes.
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Fig. 2.
The reactivity of diUb probes towards different DUBs and DUB profiling using the diUb
probes in cell lysates. (A-D) USP2-catalytic domain (USP2-CD), USP21-catalytic domain
(USP21-CD), UCH-L1 and OTUB1 were incubated with different probes for 2 hr, separated
by SDS-PAGE, and stained with Coomassie brilliant blue for detection. (E) DUB profiling
using the diUb probes in cells in comparison to the monoubiquitin probe HA-Ub-VME.
HEK293T cell lysates were labeled with HA-Ub-VME, K63C-linked HA-diUb probe and
K48C-linked HA-diUb probe respectively. Samples were separated by SDS-PAGE and
immunoblotted using anti-HA antibody. Asterisks indicate non-specific binding by the anti-
HA antibody in cell lysate.
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