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Abstract
Otubain 1 belongs to the ovarian tumor (OTU) domain class of cysteine protease deubiquitinating
enzymes. We show here that human otubain 1 (hOtu1) is highly linkage-specific, cleaving Lys48
(K48)-linked polyubiquitin but not K63-, K29-, K6-, or K11-linked polyubiquitin, or linear α-linked
polyubiquitin. Cleavage is not limited to either end of a polyubiquitin chain, and both free and
substrate-linked polyubiquitin are disassembled. Intriguingly, cleavage of K48-diubiquitin by hOtu1
can be inhibited by diubiquitins of various linkage types, as well as by monoubiquitin. NMR studies
and activity assays suggest that both the proximal and distal units of K48-diubiquitin bind to hOtu1.
Reaction of Cys23 with ubiquitin-vinylsulfone identified a ubiquitin binding site that is distinct from
the active site, which includes Cys91. Occupancy of the active site is needed to enable tight binding
to the second site. We propose that distinct binding sites for the ubiquitins on either side of the scissile
bond allow hOtu1 to discriminate among different isopeptide linkages in polyubiquitin substrates.
Bidentate binding may be a general strategy used to achieve linkage-specific deubiquitination.
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Introduction
Covalent modification of proteins by ubiquitin (Ub) is used to signal protein degradation by
the 26S proteasome and is also essential for many proteasome-independent aspects of cellular
regulation 1; 2; 3. Ub is conjugated to a protein substrate in a series of enzymatic steps, usually
resulting in an isopeptide bond between the C-terminal α-carboxylate of Ub and the ε-amine
of a lysine within the protein substrate. Ub itself can be modified in this way at one of its seven
lysine residues, giving rise to a polyubiquitin (polyUb) chain. All seven types of polyUb
linkages, which are distinguished by isopeptide linkages with Ub residues K48, K63, K33,
K29, K27, K6, or K11, have been identified in vivo 4; 5. The fate of ubiquitinated substrates
depends, in part, on the length and linkage-type of the polyUb chain. Substrates modified with
K48-linked polyUb of n ≥ 4 usually are targeted for degradation by the 26S proteasome 6,
whereas K63-linked polyUb plays a non-degradative role in DNA damage tolerance, NF-κB
activation, and other pathways 2; 7.

Ubiquitination is reversible. Deubiquitinating enzymes (DUBs) can disassemble polyUb
chains or cleave Ub (or polyUb) from conjugated proteins, as well as non-protein adducts.
Deubiquitination plays important roles in regulating Ub-dependent pathways including
processing of Ub precursors, editing of polyUb chains, release of proteins from (poly)Ub
conjugates, and recycling of Ub 8; 9; 10; 11. Individually, many, and possibly most, DUBs
regulate a limited number of proteins and pathways, which suggests that they target specific
substrates 11. However, few specific substrates have been identified 12; 13. Current evidence
also suggests that the specificities of some DUBs are modulated in vivo by their interactions
with scaffolds or adaptor proteins 14; 15; 16; 17; 18. Six classes of deubiquitinating enzymes
have been identified11; 19: the Ub C-terminal hydrolases (UCHs), Ub specific proteases
(UBPs), ovarian tumor proteases (OTUs) 20, Machado-Joseph disease protein domain
proteases (MJDs) 21, JAMM/MPN+ motif proteases 22; 23, and viral DUBs 24. With the
exception of the JAMM/MPN+ DUBs, which are Zn2+-metalloproteases, all known DUBs are
cysteine proteases.

Of the more than 100 OTU-domain proteins identified to date, the otubains 18; 25; 26 are
among only a few shown to have DUB activity in vitro or in vivo 17; 26; 27; 28; 29; 30; 31;
32; 33. Otubain proteins from different species share a high degree of sequence homology
(Supplementary Figure 1A). Human otubain 1 (hOtu1) has been reported to cleave isopeptide-
linked tetraUb 26 but not diUb 33. Human otubain 2, on the other hand, is inactive in vitro
against peptide and isopeptide-linked substrates 26, but cleaves Ub-AMC 29.

Two isoforms of hOtu1 were found to regulate T cell anergy by forming a complex with
GRAIL1, an E3 ligase 25. hOtu1 affects both GRAIL1 expression and GRAIL-mediated
ubiquitination. The yeast homolog of otubain 1, Otu1, recently was reported to bind to Cdc48,
a chaperone-like AAA ATPase. Otu1 binding to Cdc48 counteracts the association of Cdc48
with Ufd2, an “E4” Ub ligase that extends polyUb chains on conjugates 18. In addition, the
transcription factor Spt23 was identified as an Otu1 substrate in vivo 18. In vitro, yeast Otu1
can cleave Ub from Ub-AMC and disassemble K48-linked, but not K29- or K63-linked,
polyUb 18; 34.

Other OTU proteins known to have DUB activity are Cezanne (cellular zinc finger anti-NF-
κB), TRABID, A20, VCIP135, DUBA, and viral OTU-containing proteases (Supplementary
Figure 1B). Overall, the substrate specificities of these DUBs appear to be very diverse,
although in no case has polyUb linkage specificity been explored in detail. A20 removes K63-
linked polyUb from proteins in vivo, but A20 or its N-terminal OTU domain can cleave both
K48 and K63 linked polyUb chains in vitro 28; 31; 35. The Cezanne catalytic domain will
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cleave Ub-AMC and linear or branched (K48 or K63-linked) polyUb 27; 31. VCIP135 cleaves
K48-linked polyUb in vitro 30. DUBA selectively cleaves K63-linked polyUb on TRAF3 17.
A viral OTU-containing protease cleaves Ub and ISG15 from cellular target proteins 32.

We report here a detailed study of the specificity of hOtu1. We find that hOtu1 cleaves only
K48 linkages, can disassemble K48-linked chains that are conjugated to substrate proteins, and
can remove both proximal and distal ubiquitins from an unattached polyUb chain. In contrast
to its highly specific cleavage of K48 isopeptide linkages, hOtu1 binds equally well to a variety
of polyUb chains of different linkage types. NMR chemical shift perturbation studies and
activity assays with mutant diUbs indicate that the proximal and distal Ubs bind to separate
sites on hOtu1. Additional evidence for a proximal Ub binding site was obtained by affinity-
labeling of the hOtu1-ubiquitin-aldehyde (Ubal) complex with ubiquitin-vinylsulfone (UbVS).
Our results suggest how otubain 1 is able to recognize K48-linked polyUb selectively;
moreover, our model offers a general strategy whereby different types of polyUb chains might
be distinguished in the cell for disassembly by specific DUBs.

Results
Otubain 1 specifically cleaves K48-linked polyUb

hOtu1 has been reported to cleave tetraUb but not LRGG-AMC or Ub fused to GFP 26. A
yeast otubain protein, Otu1, cleaves Ub-AMC and K48-linked polyUb chains but not K63-
linked chains 18. A recent paper also showed preference of hOtu1 for cleavage of K48-linked
over K63-linked tetraUb 33. We suspected that hOtu1 could be a highly selective isopeptidase
and therefore further investigated its specificity. hOtu1 was cloned from a cDNA library, and
the recombinant protein was expressed in E. coli and purified for biochemical studies. We first
examined the ability of hOtu1 to cleave forms of diUb (Ub2) that differ in their isopeptide
linkages. Among the five Ub2 substrates that we tested, only K48-Ub2 was processed
significantly. hOtu1 readily cleaved K48-Ub2, but negligible K63-Ub2 and no K29 or K6-
linked Ub2 were hydrolyzed (Figure 1a). The same results were obtained when 10-fold more
hOtu1 was used, or when the incubations were extended to 20 h (data not shown). Similarly,
hOtu1 could not cleave K11-Ub2 (Figure 1b), further indicating that the isopeptidase activity
is highly specific for K48 linkages. We also tested the specificity of hOtu1 lacking the N-
terminal 41 residues (hOtu1ΔN41), as well as a putative full-length otubain from C. elegans
(ceOtu). Our assays show that ceOtu and hOtu1ΔN41 share the same specificity for K48-linked
polyUb as hOtu1, although the full-length hOtu1 and ceOtu appear to cleave more efficiently
than the truncated hOtu1ΔN41 (Figure 3). These results indicate that the determinants of K48
cleavage specificity lie within the conserved enzymatic domain (Figure 1c).

We then asked if hOtu1 could selectively cut K48-linked Ub2 in the context of polyUb chains
with mixed linkages. TetraUb chains having either K48-K63-K48 or K63-K48-K63 isopeptide
linkages were incubated with hOtu1 (Figure 1d). In each case, the products obtained were
consistent with cleavage at the K48 linkage(s) only; processing of K63-K48-K63 tetraUb
yielded only diUb, whereas K48-K63-K48 tetraUb was cleaved into triUb, diUb, and Ub
monomers. The K48-K63-K48 tetraUb substrate contained an additional and unexpected
faster-migrating band (asterisk in Figure 1d). This species is a cyclized side-product of the
K48-K63-K48 tetraUb synthesis (EMC and REC, unpublished) that, in analogy with cyclic
K48-linked chains 36, can form in vitro. hOtu1 could cleave both the linear and cyclized forms
of K48-K63-K48 tetraUb.

The high K48-linkage selectivity of hOtu1 on free polyUb chains led us to investigate
deubiquitination of polyUb-protein conjugates. We tested the activity of hOtu1 against a
polyUb-protein conjugate, E2-25K-(K48-linked)Ub4. Using a strategy similar to that of Liu et
al.37, we synthesized E2-25K-(K48-linked)Ub4 in which the Ub-conjugating (E2) enzyme
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E2-25K was self-ubiquitinated with a preformed K48-linked Ub4 chain. As shown in Figure
1e, hOtu1 cleaved E2-25K-(K48-linked)Ub4 at each Ub-Ub bond, with Ub3, Ub2 and Ub
produced. In addition, a protein band was generated that corresponds to ~34 kDa, the size of
either free Ub4 or monoUb-E2-25K. Even with prolonged incubation, this species persisted
longer than Ub3, which suggested that at least some and perhaps all of it was monoUb-E2-25K.
We identified this product as monoUb-E2-25K by its retention by Q-Sepharose resin at high
salt, at conditions where free Ub or polyUb does not bind (data not shown). At short incubations
(i.e., 0.5–10 min; Figure 1f), the Ub4/monoUb-E2-25K band was much weaker than the Ub3
band. Therefore, cleavage at the proximal Ub to release Ub4 from the E2-25K, if it occurred
at all, must have been much slower than cleavage at Ub-Ub linkages.

Otubain 1 can cleave at either end of a K48-linked polyUb chain
Some DUBs release Ub preferentially from distal ends of free or protein-conjugated polyUb
chains 38; 39. Other DUBs reverse Ub conjugation by cleaving the isopeptide bond that links
the proximal Ub of polyUb to a protein 22 or disassemble free chains by releasing monomers
from the proximal end 40. To see whether hOtu1 cleavage of K48-linked polyUb proceeds
from the distal or proximal end, we used as a substrate K48-linked Ub4 labeled with a Lucifer
Yellow fluorophore on the distal Ub (UbC66LY-Ub3) 39. When hOtu1 was incubated with
UbC66LY-Ub3, fluorescently-labeled products UbC66LY-Ub2, UbC66LY-Ub, and UbC66LY

appeared simultaneously (Figure 2). In contrast, when the proximal end-specific DUB
isopeptidase T 40 was used with the same substrate, mostly UbC66LY-Ub2 was generated first;
UbC66LY-Ub and UbC66LY appeared only as the reaction progressed further. Thus, unlike
isopeptidase T, cleavage by hOtu1 is not specific for either end of a polyUb chain. Instead,
hOtu1 recognizes and cleaves wherever there is a Ub-Ub K48 isopeptide linkage.

The OTU domain proteins or fragments do not cleave α-linked peptide bonds
Information as to whether OTU domain proteins can act on non-isopeptide bonds is limited
18; 26; 27; 29. hOtu1 has been reported to cleave Ub-AMC 18 but not LRGG-AMC 26. We
examined the activity of OTU domain proteins against pentaUb connected by α-amide linkages
between the Ub C-termini and the N-termini of each succeeding Ub (i.e., linear Ub5). When
incubated with hOtu1, ceOtu, or hOtu1ΔN41, the linear Ub5 was not cleaved (Supplementary
Figure S2). In contrast, linear Ub5 was processed, albeit slowly 40, by isopeptidase T, which
was included as a positive control in the assay. These data contradict a report 27 that human
Cezanne catalytic domain can cleave linear polyUb.

PolyUb chains of different linkage types bind to hOtu1
We asked whether the strong preference by hOtu1 for cleaving within K48-linked polyUb is
due to selective binding to a K48-Ub2 unit. Inhibition of the hOtu1 cleavage reaction by K48-
Ub2, K63-Ub2, K29/K6-Ub2, or monoUb was examined in assays using radioiolabeled K48-
linked Ub2 as the substrate (Supplementary Figure S3). Surprisingly, monoUb and each of the
diUb species inhibited the reaction. Moreover, the extent of inhibition by these different forms
of Ub was similar in all cases. Thus, in contrast to the cleavage reaction, binding of hOtu1 to
substrate is not specific for a particular type of Ub-Ub isopeptide linkage. The cleavage
specificity of hOtu1 for K48 linkages therefore is not determined simply by selective binding
of the enzyme to K48-linked Ub-Ub.

hOtu1 binds to the proximal and distal ubiquitins of K48-Ub2 simultaneously
At least two possible mechanisms can account for both the high cleavage specificity of otubain
1 and the ability of various types of diUb, as well as monoUb, to inhibit the reaction. One is
that otubain 1 specificity could be at the level of catalysis rather than initial selective substrate
binding. Another is that otubain 1 contains a pair of monoUb binding sites, and that the proximal
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and distal ubiquitins flanking a K48 linkage each binds to a distinct site in the vicinity of the
enzyme active site. According to this bidentate binding model, monoUb or different forms of
diUb could occupy one or the other site and thereby inhibit the reaction, but only K48-linked
Ub2 would bind in an orientation that positions the isopeptide linkage in the active site for
cleavage.

To see if there are two binding sites in hOtu1, we first tested whether mutations in either the
proximal or distal Ub of K48-Ub2 affect the cleavage by hOtu1. K48-Ub2 was synthesized as
UbR48-UbD77 (i.e., distal UbR48 and proximal UbD77). Leu8, Ile44, or Val70 in either the
proximal Ub (UbD77), the distal Ub (UbR48), or both were mutated. These residues comprise
a hydrophobic patch on the Ub surface that is critical for most non-covalent Ub-protein
interactions 41; 42. When Leu8 alone was mutated, it was changed to cysteine followed by
alkylation with Lucifer Yellow-iodoacetamide (i.e., UbC8LY) to disrupt interactions at the
hydrophobic patch. When two or three residues were mutated simultaneously, each was
changed to Ala. As shown in Figure 3, the seven K48-Ub2 mutants were cleaved by hOtu1 far
less efficiently than the wild-type K48-Ub2. In addition, the mutations in the distal Ub of K48-
Ub2 affected the cleavage more significantly. Whereas UbC8LY-Ub remained uncut, hOtu1
was still able to cleave a small amount of Ub-UbC8LY. These results suggest that hOtu1 binds
to both the proximal and the distal ubiquitins of K48-Ub2, most likely at different binding sites.

To examine further the binding between hOtu1 and K48-Ub2, we measured the NMR chemical
shift perturbations that resulted from titration of catalytically-inactive hOtu1C91S into 15N-
labeled K48-Ub2. The Ub2 was labeled uniformly on either the proximal or the distal Ub;
titration into 15N-labeled monoUb was done for comparison. As shown in Figure 4,
hOtu1C91S interacts with both the proximal and the distal Ub units in K48-Ub2. Like the
interaction between hOtu1C91S and monoUb, the hydrophobic patches in both the proximal
and distal ubiquitins in K48-Ub2 are involved.

We also compared shifts in the peak positions in Ub2 observed upon addition of hOtu1C91S
with the shifts in the same residues that result from opening of the Ub/Ub interface in free K48-
Ub2 43; the latter can be represented by the difference in peak positions between Ub2 and
monoUb. The interface opening and ligand binding are distinct events and are expected to
result in different directions of the shifts in amide 15N resonances. Our data indicate that the
perturbations in both Ub units in Ub2 are a result of direct hOtu1C91S binding. Thus, we can
exclude the possibility that only one specific Ub unit of K48-Ub2 binds hOtu1C91S and that
the perturbations observed in the other Ub are due to the opening of the Ub/Ub interface that
accompanies (and is required for) hOtu1C91S binding. The chemical shift and attenuation data
for each residue are included in Figure 4.

To probe further the binding between hOtu1 and K48-Ub2, we measured the substrate
concentration dependence of the cleavage rate. Velocities of K48-Ub2 cleavage by hOtu1 were
determined under steady-state conditions and fit to Michaelis-Menten kinetics (Supplementary
Figure S4). The Km was determined to be 78 ± 15 μM, which suggests that binding between
hOtu1 and K48-Ub2 is relatively weak and is consistent with the results of the NMR titrations.

Evidence for the hOtu1 proximal Ub-binding site from affinity-labeling with ubiquitin-
vinylsulfone

Ubiquitin-aldehyde (Ubal) and ubiquitin-vinylsulfone (UbVS) are generally regarded as
mechanism-based DUB inhibitors that react with the active site cysteine of a susceptible DUB
to form, respectively, a reversible thiohemiacetal or an irreversible thioether adduct. hOtu1 has
been reported to be inhibited strongly by Ubal 26 but insensitive to UbVS 44; we have
confirmed these results (data not shown). Therefore, we were surprised to discover that hOtu1
could rapidly form an adduct with UbVS if Ubal was included in the reaction (Figure 5a, upper
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panel). Notably, the yield of this adduct increased with increasing Ubal until the molar ratio
of Ubal:hOtu1 reached ~1, whereupon it decreased progressively.

Unlike Ubal, free Ub did not stimulate hOtu1-UbVS adduct formation (Figure 5a, lower
panel); instead, Ub actually inhibited the Ubal-promoted reaction with an IC50 of ~10 μM
(Figure 5b). We tested the possibility that the inhibition by Ub was due to competition with
Ubal for binding to the hOtu1 active site as assayed by native gel electrophoresis. Even when
added in a 100-fold excess over Ubal, Ub had no discernable effect on the amount of hOtu1-
Ubal complex (Supplementary Figure S5). This suggested that the inhibition by Ub was due
to competition with UbVS at a second site and not with Ubal at the active site; inhibition by
binding at a second site also would explain why activation by Ubal was reversed when
Ubal:hOtu1 exceeded 1.

These results presented a puzzle. Tight binding of Ubal to a DUB is expected to depend upon
a reaction with the active-site cysteine, but that is true as well for the formation of a DUB-
UbVS adduct. When mass spectrometry of the hOtu1-UbVS adduct was done to determine the
site of UbVS attachment, we found that UbVS had reacted with C23 and not C91, the active-
site cysteine (Supplementary Figure S6). We then compared wild-type hOtu1 with the C23A,
C91A, and (as a control) C212A mutant proteins for reaction with UbVS and Ubal binding
(Figure 5c, d). As expected, C91 was essential both for Ubal binding and adduct formation
with UbVS, but the C23A mutation prevented only hOtu1-UbVS adduct formation. These data
support our identification of C23 as the UbVS attachment site and confirm that Ubal-binding
was a prerequisite to the UbVS reaction. The results prove that hOtu1 has two distinct Ub-
binding sites.

Discussion
Although the OTU-class DUBs share a conserved enzymatic core, their substrate specificities
appear to be quite diverse. As with many other DUBs, little is known about OTU
deubiquitination substrates in vivo, and no clear picture of their specificity has emerged 17;
18; 26; 29. Our results show that cleavage by hOtu1 is highly specific for K48 isopeptide
linkages. Remarkably, this specificity held even with polyUb substrates containing mixtures
of K48 and K63 linkages within the same chain. To our knowledge, this is the clearest example
of a DUB that cleaves only K48 linkages. Previous studies of UbpY (USP8), USP14, and yeast
Otu1 had shown that K63 or K29-linked polyUb is a very poor substrate as compared to K48-
linked polyUb 18; 34; 45; 46. However, UbpY also can disassemble linear polyUb and Ub-
protein fusions 47. While USP14 does prefer K48 over K63 linkages, the activity was low in
both cases and reflected the enzyme in an inactivated state 45. Similarly, yeast Otu1 prefers
K48 over K63 linkages, but even overnight incubations that resulted in disassembly of longer
K48-linked polyUb chains did not eliminate K48-Ub2 18.

The overall fold of OTU enzyme family members is known from crystal structures of OTU
domain proteins including human otubain 2 29, yeast otu1 34, human A20 48; 49, and human
otubain 1 33. The structures show conserved catalytic sites among all OTU domain proteins
but give little information on how the OTU domain DUBs achieve their enzyme activity and
substrate specificity. Despite the differences among the OTU domain DUBs, the substrate
specificity we have described for hOtu1 may well be shared among related proteins in
evolutionarily distant species. We have shown here that a putative otubain from C. elegans
that we call ceOtu has the same polyUb cleavage specificity as hOtu1 (Figure 1c). Previously,
S. cerevisiae Otu1 was shown to cleave K48 but not K63 or K29-linked polyUb 18; 34. We
suspect that otubain 1 homologs from other species will be similarly selective. The exquisite
specificity of hOtu1 for K48-linked chains is likely to be important for its function in regulating
T cell anergy 25. The specificity of this enzyme, and the ease by which the recombinant enzyme
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can be purified, makes hOtu1 an attractive biochemical tool for selective cleavage of K48
isopeptide linkages within polyUb conjugates.

A surprising conclusion from our studies is that the discrimination by hOtu1 among polyUb
substrates cannot be attributed simply to selective binding to K48-linked polyUb. Diubiquitins
of different linkage types inhibited K48-Ub2 cleavage by hOtu1 equally well, and even
monoUb could inhibit. Insight into the basis for linkage selectivity was obtained by substrate
mutation studies and NMR chemical shift perturbation assays that indicated that both the
proximal and distal ubiquitins of K48-Ub2 contact hOtu1. The simplest interpretation is that
there are two sites on hOtu1 for Ub-binding. That this is indeed the case is evident from our
observation that UbVS binds to hOtu1 at a site distinct from the catalytic site occupied by Ubal
(Figure 5).

Our unexpected finding that UbVS formed a covalent adduct with C23 of hOtu1, and especially
that the reaction depended upon addition of Ubal, provides strong support for a bidentate model
for K48-Ub2 binding. UbVS has been regarded as a highly selective, mechanism-based DUB
inhibitor that reacts with the active-site cysteine 44, which is C91 in hOtu1. However we
discovered that UbVS does not target the DUB active site, but instead reacts with a different
cysteine residue, C23. In addition, we found that the substitution, C23A, affects binding of
UbVS only, while a mutation of the active site residue, C91A, decreases Ubal as well as UbVS
binding. Taken together, these results point strongly to the presence of two distinct ubiquitin
binding sites in hOtu1.

The targeting and rapid reaction of UbVS with a residue outside of a DUB active site signals
the need for caution in using this reagent. The combination of moderately tight binding and
proximity of a cysteine sidechain, independent of the associated base (i.e., histidine) normally
found at a DUB active site, are likely to suffice for reaction with UbVS. Thus, in principle,
UbVS adducts could form with non-DUB proteins that have Ub binding sites and appropriately
positioned cysteines. Caution is needed as well with the use of other Ub and Ub-like protein
derivatives with C-terminal electrophilic groups, such as Ub-vinylmethyl ester and SUMO-
vinylsulfone.

In hOtu1, Ubal binding presumably promotes a conformational rearrangement that either
exposes a new Ub binding site, repositions hOtu1 residue C23 to enable reaction with UbVS,
or both. Because tight-binding of Ubal to hOtu1 requires the active-site C91 (Figure 5d), and
free Ub cannot replace Ubal to activate UbVS-adduct formation (Figure 5a), we conclude that
Ubal occupies the hOtu1 catalytic site preferentially. This site would function as the “S1” site
in hOtu1 and would accommodate the distal Ub of a diUb substrate; presumably, UbVS binds
at the corresponding proximal Ub or S1′ site.

C23 in hOtu1 clearly is required for UbVS-adduct formation, but we think that it is unlikely
to have a role in the polyUb linkage-specificity of hOtu1. One reason is that C23 is not
conserved evolutionarily (Supplementary Figure 1a), and a second is that deletion of the N-
terminal 41 residues of hOtu1 had no effect on diUb cleavage specificity in vitro (Figure 1c).

Because K48-Ub2 is structurally distinct from Ub2 assembled through other linkages 50, non-
K48-linked forms of diUb may bind to only one of the two Ub binding sites in hOtu1 whereas
K48-Ub2 binds to both. Alternatively, each Ub moiety in a non-K48-Ub2 may be able to
associate with the enzyme, but their simultaneous binding would constrain the position of the
intervening isopeptide bond which, as a result, may not be oriented to permit attack by the
OTU active-site cysteine (see Figure 5). It also is possible that interactions with residues
adjacent to the isopeptide-linked K48 of the proximal Ub contribute to catalysis.
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We consider it likely that our bidentate-binding model for linkage selectivity will apply to other
DUBs as well. Significantly, the model can account for specificity that is not manifested at the
level of initial substrate binding. Although contacts with multiple ubiquitins within polyUb
might enhance affinity, avid binding would not necessarily promote linkage selectivity. Indeed,
a hallmark of our model is that it can explain linkage-selective polyUb cleavage despite linkage-
independent binding. Based on an analysis of the conserved surface regions of the DUB A20,
the OTU domain in A20 was recently proposed to have binding sites for both the proximal and
the distal units of Ub2 49. Whether or not the linkage-specificity of A20 is manifested at the
level of substrate binding remains to be determined. Results with a non-OTU DUB also might
be explained by the bidentate-binding model. A recent crystal structure of human AMSH-LP
DUB complexed with K63-linked Ub2 indicates binding sites for both the proximal and distal
Ubs 51. This DUB, a JAMM/MPN+ domain enzyme, preferentially disassembles K63-linked
polyUb. Other JAMM/MPN+ DUBs also are K63-linkage specific and, like hOtu1, are
inhibited by monoUb or diubiquitins having other linkages (EMC and REC, unpublished data).
Structural studies of the aforementioned DUBs bound to polyUb, as well as of polyUb with
different isopeptide linkages, will be needed to establish the detailed mechanisms that underlie
their extraordinary specificity.

Materials and methods
Plasmid construction

DNAs encoding full-length human otubain 1 (hOtu1) and Cezanne were cloned by the
polymerase chain reaction (PCR) from a human fetus cDNA library (Clontech). DNA encoding
full-length putative otubain from Caenorhabditis elegans (ceOtu) was cloned from a cDNA
library (Invitrogen). Dynazyme (MJ Research) was used as the DNA polymerase for PCR.
DNAs encoding hOtu1, hOtu1 with an N-terminal 41-residue truncation (hOtu1ΔN41), and
ceOtu were subcloned into a pProEx-c vector (Life Technologies) through NcoI (5′) and
BamHI (3′) sites.

Protein expression and purification
For expression of hOtu1, plasmid pProEx-hOtu1 was transformed into Rosetta E. coli cells
(Novagen). The transformed cells were grown overnight at 37 °C in 10 ml LB medium
containing 100 μg/ml ampicillin and 33 μg/ml chloramphenicol, diluted 100-fold into the same
medium, and then grown at 37 °C to an OD600 of 1.0. Isopropyl β-D-1-thiogalactopyranoside
(IPTG) was then added to 1.0 mM to induce protein expression and the temperature was
reduced to 15 °C; after overnight growth, the cells were harvested by centrifugation. The cells
were resuspended in 20 mM Tris pH 7.8, 4 mM MgCl2, 60 μg/ml DNAse I, 0.5 M NaCl, 5
mM imidazole, 5% glycerol, 1 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP), and
protease inhibitor cocktail (Complete™ without EDTA; Roche), and lysed using a
microfluidizer. The lysate was clarified by centrifugation and applied to a Talon column
(Clontech), which retained the His6-tagged hOtu1. The column was washed with 20 mM Tris
pH 7.8, 0.5 M NaCl, 10 mM imidazole. His6-tagged hOtu1 was eluted with 150 mM imidazole.
After cleavage of the His6 tag with His6-TEV protease, the protein solutions were dialyzed
against 20 mM Tris, pH 7.8, 0.1 M NaCl, and 1 mM TCEP. The His6-tag and His6-TEV were
removed by applying the protein solutions to a Talon column. The flow-through was applied
to a Hiload 26/60 Superdex 75 gel filtration column eluted with 50 mM Tris-HCl (pH 7.8), 0.2
M NaCl, 1 mM TCEP, and 1 mM EDTA. Peak fractions were combined, concentrated to 10
mg/ml, and stored in small aliquots at −80 °C. As estimated by SDS-PAGE and Coomassie
blue staining, purity of the hOtu1 was 99%. hOtu1ΔN41 and ceOtu were expressed and purified
to ~99% homogeneity using the protocol described above.
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Preparation of polyubiquitin conjugates
DiUb substrates K48-Ub2 (proximal UbD77) 52, K63-Ub2 (proximal UbD77) 53, linear Ub5 
54, and distal-end Lucifer Yellow-labeled (LY) K48-Ub4 (UbC66LY-Ub3) 39 were prepared
as described. Two mixed-linkage tetraUb chains, K48-K63-K48 Ub4 (catalog #UCM310) and
K63-K48-K63 Ub4 (catalog #UCM210), were from Boston Biochem. Other polyUb conjugates
were made as described in Supplementary data.

Deubiquitination assays
Specified amounts of substrate were incubated in a 10 μl volume with hOtu1, hOtu1ΔN41,
ceOtu, or hCezcat (see Supplement) in 20 mM Tris pH 7.5 (at 37 °C), 50 mM NaCl, and 5 mM
DTT; 0.05% BSA was included as a carrier protein in some reactions. Reactions were quenched
with SDS sample buffer and applied to a 4–12% acrylamide gel for SDS-PAGE. Fluorescent
LY-tagged substrates and 125I-labeled substrates were detected with a phosphorimager
(Typhoon 4001, Molecular Dynamics). Otherwise, protein bands were detected by silver
staining or Coomassie Blue staining.

For competition assays, 125I-labeled K48-Ub2 (7 μM; 2.3×105 cpm/nmole) was incubated with
0.16 μM hOtu1 in 50 mM Tris, pH 7.5, 5 mM DTT, and 0.05% BSA at 25 °C. Unlabeled K48-
Ub2, K63-Ub2, (K29/K6)-Ub2, or Ub was added at molar concentrations 1, 5, and 10-fold
above the amount of 125I-labeled substrate. Reactions were quenched with SDS sample buffer
and applied to 4–12% gels for SDS-PAGE. The gels were dried and the 125I-labeled Ub and
Ub2 were quantified using a phosphorimager. The assays were done in duplicate. Competition
assays with 0.27 μM hCezcat were performed similarly, using 8.4 μM 125I-labeled K48-Ub2
as the substrate and K48-Ub2, K63-Ub2, (K29/K6)-Ub2, or monoUb as potential inhibitors.

Reactions with ubiquitin-vinylsulfone (UbVS)
Ub-aldehyde (Ubal) and HA-tagged UbVS were prepared using intein-mediated ligation as
described previously 55. All incubations were at 0 °C in 50 mM Tris-Cl, pH 7.5, with 6 – 10
mM DTT; other details are described in the figure legends. Adduct formation was evaluated
by SDS-PAGE (4–20% gel) and either staining with SYPRO Ruby (Invitrogen) or detection
on immunoblots with anti-HA antibody. Mass spectrometry of hOtu1 and the hOtu1-UbVS
adduct was done as described in Supplementary data.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Otubain 1 cleaves K48-linked isopeptide bonds in polyubiquitin chains specifically
(a) Recombinant full-length hOtu1 cleaves K48-Ub2 but not K63-, K29-, or K6-Ub2. hOtu1
(1 μg) was incubated with 5 μg of K48-Ub2, K63-Ub2, or mixed K29/K6-Ub2 (see Materials
and Methods). Proteins were detected after SDS-PAGE with Coomassie Blue. (b) hOtu1 does
not cleave K11-Ub2. The reaction mixtures included 5 μg of hOtu1 or 5 μg of recombinant
Cezanne catalytic domain (hCezcat, 125–455 a. a.), and 0.5 μg of K11-Ub2. hCezcat has a
major impurity band at ~20 kDa. Proteins were detected after SDS-PAGE by silver-staining.
(c) Linkage specificity of polyubiquitin chain cleavage by hOtu1ΔN41 and ceOtu. Samples
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were resolved by SDS-PAGE followed by staining with Coomassie Blue. Recombinant human
otubain 1 fragment hOtu1ΔN41 (i.e., hOtu1 lacking the N-terminal 41 residues) and putative
C. elegans otubain (ceOtu) cleave K48-Ub2 but not K63-Ub2 or K29/K6-Ub2. In each 10 μl
reaction, 1 μg enzyme and 5 μg of substrate were used. (d) hOtu1 selectively cleaves K48-
linked isopeptide bonds in mixed-linkage Ub4 chains Ub-K48-Ub-K63-Ub-K48-Ub and Ub-
K63-Ub-K48-Ub-K63-Ub. hOtu1 (0.2 μg) and 0.05 μg of Ub4 were used. An asterisk marks
an impurity in Ub-K48-Ub-K63-Ub-K48-Ub, which is a cyclic form of the tetraubiquitin. (e)
hOtu1 cleaves isopeptide bonds in E2-25 kDa-(K48-linked)Ub4 but not isopeptide bonds in
Ubc13-(K63-linked)Ub4. 125I labeled E2-25K-(K48-linked)Ub4 and Ubc13-(K63-linked)
Ub4 were used (see Materials and Methods). There are contaminant bands in E2-25K-(K48-
linked)Ub4 that migrated between E2-25K-(K48-linked)Ub4 and Ub4 or monoUb-E2-25K.
(f) The proximal Ub in E2-25K-(K48-linked)Ub4 is slowly removed by hOtu1. 125I labeled
E2-25K-(K48-linked)Ub4 was incubated with hOtu1 as in 1e for the times indicated.
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Figure 2. Otubain 1 cleaves K48-linked polyubiquitin chains at both ends
UbC48LY-Ub3, with the fluorophore Lucifer Yellow attached to the distal end of the
tetraubiquitin, was incubated with the hOtu1 or isopeptidase T (isoT) deubiquitinating
enzymes; see Materials and Methods for details.
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Figure 3. Both proximal and distal ubiquitins of K48-Ub2 bind to otubain 1
Mutations in K48-Ub2 affect its cleavage by hOtu1. In a 10 μl reaction, 1.0 μg of wild-type or
mutant K48-Ub2 was used in the deubiquitination assay containing 1.0 μg hOtu1 (see Materials
and Methods for details). The reactions were for 30 min. Protein bands after SDS-PAGE were
detected by silver staining.
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Figure 4. NMR chemical shift perturbation maps of the hOtu1-binding interface on the two Ub
units in K48-Ub2
NMR mapping revealed the hOtu1-binding interface on (a) monoUb, (b) distal Ub of K48-
Ub2, and (c) proximal Ub of K48-Ub2. The upper panels show chemical shift perturbations as
a function of residue number, middle panels show signal attenuations at the endpoint of titration
as a function of residue number, and bottom panels show cartoon representations of the surfaces
of monoUb, and the distal (Ub2-D) and proximal (Ub2-P) ubiquitins of K48-Ub2. Perturbed
residues (listed beneath the drawings) are colored orange (Δδ> 0.05 ppm) and red (%
attenuation > 60%); red color is also used for those residues that showed both perturbations.
Note that the signal corresponding to the amide group in the isopeptide bond was strongly
attenuated and disappeared upon titration with hOtu1.
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Figure 5. Affinity-labeling with UbVS reveals a second Ub-binding site on hOtu1
(a) Ubal, but not free Ub, activates hOtu1 for reaction with UbVS. hOtu1 (1.7 μM) was
preincubated 10 min with Ubal (top panel) or Ub (bottom panel) at the indicated molar ratios;
HA-tagged UbVS (HAUbVS; 0.6 μM) was added and incubation continued for 7 min before
analysis by SDS-PAGE and immunoblotting with anti-HA antibody. (b) Free Ub inhibits
HAUbVS reaction with hOtu1. Mixtures of hOtu1 (0.84 μM) and Ubal (1 μM) were
preincubated with Ub (0 – 150 μM; lanes 2 – 10) for 30 min; a sample without hOtu1 was a
negative control (lane 1). HAUbVS (0.12 μM) was then added and, after 5 min, the mixtures
analyzed as in A. hOtu1-HAUbVS adduct formation was quantified by densitometry of the
immunoblot (upper panel) and the results, when fit to a model for Ub binding, yielded an
IC50 of 10 μM (lower panel). (c) Ubal-activated hOtu1-HAUbVS adduct formation requires
both C23 and C91 residues. Reactions as in 5b, but without added Ub, were done to compare
HAUbVS affinity-labeling of wild-type (WT), C23A, C91A, and C212A forms of hOtu1. (d)
Tight binding of Ubal to hOtu1 requires active-site cysteine C91, but not C23 or C212. hOtu1
incubated with excess Ubal was analyzed by native gel electrophoresis to resolve the hOtu1-
Ubal complex from the free proteins; see Supplementary Data for details. (e) Simultaneous
binding of Ubal and UbVS to hOtu1. Following preincubation of hOtu1 with HA-tagged (or
untagged) Ubal and subsequent incubation with UbVS (or HAUbVS), protein complexes were
resolved by native electrophoresis and stained with SYPRO Ruby. hOtu1 complexes
containing both (HA)Ubal and (HA)UbVS are evident as the slowest migrating, supershifted
bands.

Wang et al. Page 25

J Mol Biol. Author manuscript; available in PMC 2009 September 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. A bidentate-binding model representing interactions between hOtu1 and diubiquitin can
account for specific cleavage of K48-Ub2 by hOtu1
Two Ub binding sites in hOtu1 are postulated to bind both the proximal and distal Ubs of K48-
Ub2 simultaneously via their hydrophobic surfaces (orange stripes). This bidentate binding of
substrate positions the K48 isopeptide linkage for attack by the C91 thiolate within the catalytic
site of hOtu1. Other Ub2 forms, i.e., K63-, K29-, or K6-linked Ub2, either can bind to only one
of the sites on hOtu1 or, if both Ub moieties occupy the two sites simultaneously, the
conformation is constrained so as to preclude proper positioning of the isopeptide linkage for
cleavage.
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