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Background: Deubiquitinating enzymes (DUBs) remove polyubiquitin chains from proteins.
Results: Protein-attached monoubiquitin is rapidly removed by many DUBs, but polyubiquitin chains linked through lysine 48

are resistant to cleavage.

Conclusion: Intramolecular chain interactions limit DUB activity toward polyubiquitin chains.
Significance: High activity toward monoubiquitin allows many DUBs to minimize inappropriate ubiquitin signaling.

The attachment of lysine 48 (Lys*®)-linked polyubiquitin
chains to proteins is a universal signal for degradation by the
proteasome. Here, we report that long Lys*®-linked chains are
resistant to many deubiquitinating enzymes (DUBs). Represent-
ative enzymes from this group, Ubp15 from yeast and its human
ortholog USP7, rapidly remove mono- and diubiquitin from
substrates but are slow to remove longer Lys**-linked chains.
This resistance is lost if the structure of Lys*®-linked chains is
disrupted by mutation of ubiquitin or if chains are linked
through Lys®, In contrast to Ubp15 and USP7, Ubp12 readily
cleaves the ends oflong chains, regardless of chain structure. We
propose that the resistance to many DUBs of long, substrate-
attached Lys*®-linked chains helps ensure that proteins are
maintained free from ubiquitin until a threshold of ubiquitin
ligase activity enables degradation.

The reversible attachment of ubiquitin to proteins is central
to the control of protein stability, protein sorting, and other
cellular processes (1, 2). Ubiquitin is usually attached to pro-
teins through an isopeptide bond that links the carboxyl termi-
nus of ubiquitin to the e-amino group of a lysine residue. This
ligation is catalyzed by an enzymatic cascade involving a ubiq-
uitin-activating enzyme (E1), conjugating enzyme (E2), and
protein ligase (E3). Attachment of ubiquitin to a substrate
lysine (monoubiquitination) is often the first step in formation
of a polyubiquitin chain wherein additional ubiquitins are
attached to one of seven lysines in ubiquitin itself.

The most common ubiquitin chain linkages are through
Lys'', Lys®®, or Lys®® (3). Lys''- and Lys*®-linked chains of four
or more ubiquitins generally result in protein degradation by
the proteasome, whereas Lys®*-linked chains are associated
with signal transduction (3). Ubiquitin chains form distinct
structures based on their linkage. Lys®*-linked chains adopt an
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extended conformation with little interaction between adjacent
ubiquitins (4). In contrast, Lys''- and Lys**-linked chains form
compact, globular structures with significant ubiquitin-ubiqui-
tin contact (5, 6).

Ubiquitination is reversed by deubiquitinating enzymes
(DUBs),” proteases that specifically hydrolyze the isopeptide
bond to the C terminus of ubiquitin (7). Ubiquitin-specific pro-
teases (USPs) comprise the largest fraction of DUBs, including
56 of the 79 predicted DUBs in humans and 16 of 20 yeast DUBs
(7). USPs are generally large proteins that show little discrimi-
nation among chains of different linkage (4, 5, 7). Ovarian
tumor proteases are the next largest DUB class and often show
specificity for distinct chain linkages (7).

The structures of DUBs provide important clues about the
molecular basis for their activity, regulation, and substrate
specificity. Studies of USP7, also known as herpesvirus-associ-
ated USP, established a USP catalytic domain architecture that
resembles a cupped right hand with separate thumb and fingers
subdomains extending from the palm (Fig. 1) (8). In these
DUBEs, the active site resides in a cleft between the thumb and
palm subdomains. In complexes with ubiquitin derivatives, res-
idues in this cleft make contacts along the C-terminal tail of
ubiquitin (7, 8). This distal or leaving ubiquitin occupies an
extensive distal binding pocket established by the palm and
fingers subdomains and abutting the thumb. On the opposite
side of the catalytic cleft, a less well defined binding surface
presumably interacts with the proximal ubiquitin (or other pro-
tein) that is conjugated through alysine to the C terminus of the
distal ubiquitin. This surface has several highly conserved resi-
dues that assist in catalysis but is otherwise quite variable (9).

Our understanding of DUB activity and specificity has come
primarily from studies using unanchored (unattached to sub-
strate) ubiquitin chains. Little is known about the biochemical
activities of DUBs toward ubiquitin chains on physiologically
relevant E3 substrates. In this work, we set out to identify DUBs
that oppose the budding yeast anaphase-promoting complex
(APC/C), an E3 that controls progression through mitosis by

2The abbreviations used are: DUB, deubiquitinating enzyme; APC/C, ana-
phase promoting complex/cyclosome; CycB, cyclin B; PKA, CAMP-depen-
dent protein kinase A; Ub-AMC, ubiquitin-7-amido-4-methylcoumarin; Ub-
VME, ubiquitin vinyl methyl ester; USP, ubiquitin-specific protease; Ni-NTA,
nickel-nitrilotriacetic acid.
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FIGURE 1. Structure of USP7 with bound ubiquitin. USP7/herpesvirus-associated USP (Protein Data Bank code 1NBF (8)) is shown as a surface rendering with
thumb, palm, and fingers subdomains colored dark, medium, and light blue, respectively, with the catalytic Cys*?3/His*** residues colored red. Ubiquitin is

shown in yellow bound to the distal binding pocket (S1 site) created between the tip of the fingers and base of the thumb subdomains. The side chain of Lys

48

of this bound ubiquitin is shown in green. The proximal binding surface of USP7 (lower left panel; S1’ site) must accommodate the protein linked to the bound
(distal) ubiquitin. Note the limited solvent accessibility of Lys*® of the bound ubiquitin (lower right panel). This illustration was made with MacPyMOL (29).

building Lys*®-linked chains on substrates. We screened yeast
DUBs in vitro for activity toward mono- and polyubiquitinated
APC/C substrates. Surprisingly, we found that many DUBs
showed a preference for monoubiquitinated substrate and
removed long chains very slowly. We propose that in the cell,
efficient removal of monoubiquitin, coupled with the resistance
to DUBs of long Lys*®-linked chains, promotes the all-or-none
generation of proteasomal signals on specific E3 substrates.

EXPERIMENTAL PROCEDURES

Immunopurification of DUB Complexes— Approximately 0.5
mg of lysate from yeast strains bearing tandem affinity purifi-
cation-tagged DUBs was incubated with IgG-conjugated Dyna-
Beads (Invitrogen), washed in lysis buffer (50 mm HEPES, pH
8.0, 150 mm NaCl, 0.2% Nonidet P-40, 10% glycerol, and 10 mm
2-mercaptoethanol), and then washed in 1X DUB buffer (see
below) before use in DUB assays. Immunoblotting used the
peroxidase anti-peroxidase antibody (Sigma-Aldrich) to detect
the tandem affinity purification tag.

Protein Purification—Recombinant proteins carrying GST
and/or His, tags (see supplemental “Experimental Procedures”)
were expressed in Rosetta 2 Escherichia coli (EMD Chemicals,
Gibbstown, NJ). Frozen cell pellets were lysed with sonication
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and 50 units/ml DNase I in GST lysis buffer (50 mm HEPES, pH
8.0, 500 mm NaCl, 10% glycerol, 1 mm MgCl,, 10 mm 2-mercap-
toethanol) or His, lysis buffer (same as GST lysis buffer, plus
0.1% Nonidet P-40 and 7.5 mM imidazole) with protease inhib-
itors (1 mm PMSF, 1 uM aprotinin, 0.63 mg/ml benzamidine,
and 1 ug/ml each of pepstatin A and leupeptin). Lysates were
cleared by centrifugation, bound to resin (GST (GE Health-
care); His,, Ni-NTA-agarose (Qiagen, Valencia CA)), washed
extensively with lysis buffer (for His, wash, imidazole was
increased to 20 mm), and eluted with 20 mm reduced glutathi-
one or 300 mm imidazole (His). Affinity tags were removed by
incubation with His,-tobacco etch virus protease or GST-Pre-
Scission (GE Healthcare) proteases and dialyzed into HBS (20
mMm HEPES, pH 8.0, 150 mm NaCl, 10% glycerol, 10 mm
2-mercaptoethanol).

Following GST purification, DUBs were flowed over gluta-
thione resin to remove GST and PreScission protease and then
bound to Ni-NTA resin and purified with their C-terminal His,
tags as above. Ubiquitin preparations were flowed over gluta-
thione resin to remove GST, flowed over Ni-NTA resin to
remove tobacco etch virus protease, heated at 65 °C for 20 min
to denature any contaminants, held on ice for 10-30 min, and
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centrifuged (100,000 X g, 30 min, 4 °C), essentially as described
(10). Pds1-110 and Pds1-Lys®** were treated like ubiquitin
(omitting flow through glutathione resin), followed by purifica-
tion over a MonoS column (GE Healthcare) and size-exclusion
chromatography. Cyclin B (CycB) purification has been
described elsewhere (11). CycB-Lys®® was purified as in the
DUB purifications, followed by heating as in the ubiquitin puri-
fication. All proteins were dialyzed to HBS, concentrated with
Centriprep spin concentrators (Millipore, Billerica, MA) and
stored at —80 °C.

Human Ubel was expressed in E. coli and purified with ubiq-
uitin-agarose (Boston Biochem, Cambridge, MA) as described
(12). Human USP7 preparations were purchased from Boston
Biochem.

Radiolabeling Substrates—>*P-labeled diubiquitin and CycB-
Lys® were phosphorylated as described (13). 25 ug of diubiq-
uitin (bearing a PKA site on the distal ubiquitin; see below) or
PKA-CycB-Lys® were incubated with 10 pCi of [y->*P]ATP,
1.7 nmol of ATP, and 2 ul of PKA (New England Biolabs) in 50
wl, using the provided reaction buffer. Reactions were termi-
nated by heating as for ubiquitin purification. ATP was
removed by gel filtration through G25 Sephadex. '**I-radiola-
beled substrates were prepared as described (11).

Generation of Ubiquitinated Substrates—APC/C reaction
components (E1, Ubcl, Ubc4, APC/C, Cdh1) were purified as
described (11), except that the final calmodulin-binding step
was omitted from the APC/C preparation. Standard ubiquiti-
nation reactions contained E1 (1 um Ubal), E2 (25 um Ubc4
and 5 uM Ubc1), 1 mg/ml ubiquitin (Boston Biochem), 1 mg/ml
ATP, APC/C, Cdhl, and radiolabeled substrate. 25-90%
methyl ubiquitin (Boston Biochem) was substituted for wild-
type ubiquitin to limit the length of wild-type chains. Reactions
were performed in QAH8 (25 mm HEPES, pH 7.8, 100 mMm
NaCl, 1 mm MgCl,). E2 enzymes were charged at room temper-
ature for 15 min before starting APC/C reactions.

APC/C reactions were terminated to eliminate competition
with DUBs. Removing ATP with G25 Sephadex spin columns
(GE Healthcare) was sufficient to stop APC/C activity but
yielded ubiquitin ladders with poorly resolved bands (data not
shown). Using the protocol of Rodrigo-Brenni et al. (10) for
purification of phosphorylated ubiquitin stopped APC/C activ-
ity and retained sharp ubiquitin ladder banding. Reactions were
thus terminated by heating at 65 °C for 20 min, chilling on ice
for 10 min, and centrifugation for 10 min at 20,000 X g. Super-
natants containing ubiquitinated substrates were divided into
aliquots and stored at —80 °C. Heat treatment of ubiquitinated
substrates did not affect the length selectivity of Ubpl5 (data
not shown).

The substrates used in Fig. 6, A—H, were made with the
APC/C in two steps. First, Ubc4 was used with the APC/C to
ligate G76A or wild-type (i.e. Gly”®) monoubiquitin to CycB-
Lys®®. Reactions were terminated with heating as described
above. To make diubiquitinated CycB-Lys®®, Ubcl was used
with the APC/C to ligate a second ubiquitin to the first. Reac-
tions were terminated with heating as described above. Ubiq-
uitin bearing K48R was used for monoubiquitin-only substrates
and as the terminal ubiquitin in diubiquitin chains. Ubcl and
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Ubc4 were charged with ubiquitin bearing G76A at 37 °C for 30
min prior to APC/C reactions.

Products bearing 144 A ubiquitin chains were not heat stable,
so these reactions were terminated by treatment with 1 mm
N-ethylmaleimide and 5 mm hydroxylamine for 30 min, fol-
lowed by 4 mm DTT to quench unreacted N-ethylmaleimide.
CycB-Lys®® bearing Lys®>-linked chains was generated using
standard APC/C reactions, omitting Ubcl and charging Ubc4
for 30 min at 37 °C with Lys®3-linked chains (Enzo Life Sciences,
Farmingdale, NY).

Synthesis of Phosphorylated Diubiquitin CycB—The sub-
strate for Fig. 6] (diubiquitinated CycB-Lys®® in which only the
distal ubiquitin was labeled) was made as described in supple-
mental “Experimental Procedures”. Briefly, Lys**-linked diu-
biquitin (a proximal wild-type ubiquitin ligated to a distal PKA-
K48R ubiquitin) was synthesized in a Cdc34-dependent
reaction essentially as described (14). This diubiquitin was
phosphorylated as described above and ligated to unlabeled
CycB-Lys®® using APC/C and Ubc4. The final product was
purified using Tris-Tricine PAGE followed by gel extraction.

Deubiquitination Activity Assays—DUBs were activated by
incubation at room temperature for 10 min in 1X DUB buffer
(50 mm HEPES, pH 7.8, 100 mm NaCl, 10 mm DTT, 0.1 mg/ml
BSA). Activated DUBs were mixed with ubiquitinated sub-
strates at room temperature, and reactions were terminated
with PAGE sample buffer, followed by heating (3 min, 95 °C)
and 15% SDS-PAGE (see Figs. 3E and 4, A and F) or 10% Tris/
Tricine PAGE. Reaction products were visualized with a
Typhoon Phosphorlmager, and data were quantified using
ImageQuant software (GE Healthcare). Data were processed
with Excel (Microsoft, Redmond, WA). Curve-fitting analyses
and graphs were produced with Prism5 (GraphPad Software, La
Jolla, CA).

For Ub-AMC hydrolysis assays, DUBs were activated as
above and mixed with Ub-AMC in 1X DUB buffer. Reaction
progress was monitored as an increase in fluorescence (excita-
tion, 380 nm; emission, 460 nm) by a Synergy4 plate reader
(BioTek). Data were analyzed as described above.

For Ub-vinyl methyl ester (Ub-VME; Boston Biochem) bind-
ing assays, 10 mm TCEP was used in place of DTT in the assay
buffer to maintain Ub-VME reactivity. In a volume of 10 ul, 50
ng of each DUB and 90 ng of Ub-VME (~30-fold molar excess)
were allowed to react for 20 min at room temperature.

Proteasome Assays—26 S proteasome was purified from
SDL145 using IgG-Sepharose as described (15).

RESULTS

Multiple DUBs Can Deubiquitinate Securin and Cyclin B—
Our initial goal was to identify yeast DUBs that deubiquitinate
two major APC/C targets, securin (Pdsl in yeast), and cyclin.
We immunopurified the 20 yeast DUBs, using an equal amount
of lysate in each purification. Most DUBs were readily purified,
yielding discrete bands near or greater than the expected
molecular weight (Fig. 2, A and B). Many DUBs co-purified with
other proteins, in agreement with earlier studies (16, 17). DUB
protein levels in these preparations varied widely, reflecting a
range of expression levels (18). In general, high enzyme levels
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FIGURE 2. Yeast DUBs show distinct patterns of ubiquitin removal from securin and cyclin. A, silver-stained gel showing DUB complexes, each immuno-
precipitated from ~0.5 g of yeast lysate. B,immunoblot showing relative expression levels of tandem affinity purification-tagged DUBs purified as described
in A. C, removal of polyubiquitin chains from securin. The indicated DUBs were immunopurified from yeast as described in A and incubated for 1 h at room
temperature with '2°I-labeled Pds1-110 that had been ubiquitinated in APC/C“?"'-dependent reactions (+APC/C). APC/C reactions were terminated with
heating. Pds1-110is an N-terminal fragment of yeast Pds1 (residues 1-110). Control reactions were performed with mock-purified lysate from a strain lacking
a tandem affinity purification-tagged DUB (no tag). Fully deubiquitinated Pds1-110 (lowest band) and bands corresponding to 1 or more ubiquitins on
Pds1-110 are indicated. D, removal of polyubiquitin chains from cyclin. The DUB assay was performed as described in C, substituting '*I-labeled CycB. CycB is
an N-terminal fragment of sea urchin cyclin B (residues 10-113). E, removal of proximal ubiquitins from Pds1-110. Deubiquitination assay was performed as
described in C, using 100% methyl ubiquitin (MeUb) to prevent chain formation. F, removal of proximal ubiquitins from CycB. Deubiquitination assay was
performed as described in D, using MeUb as described in E. G, deubiquitination of single ubiquitin chains on Pds1-110. Deubiquitination assays were
performed as described in C, substituting '**I-labeled Pds1-Lys®3, a Pds1-110isoform bearing just one ubiquitin-accepting lysine (see text). H, deubiquitination
of single ubiquitin chains on CycB. Deubiquitination assays were performed as described in D, substituting '**I-labeled CycB-Lys®°, a CycB isoform bearing just
one ubiquitin-accepting lysine (see text). All autoradiographs show representative results from two to three experiments.

did not predict high DUB activity, but very low levels often  To facilitate a detailed analysis of DUB activity, we prepared an
resulted in little apparent activity (see below). amino-terminal fragment of securin encompassing residues

In pilot experiments, we found it difficult to quantify DUB  1-110 (Pds1-110), which includes D- and KEN-box elements
activities using polyubiquitinated full-length securin, which important for ubiquitination by the APC/C (20). We radiola-
migrates by SDS-PAGE as a highly heterogeneous smear (19).  beled Pds1-110 with '*°I and built Lys**-linked polyubiquitin
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FIGURE 3. Ubp15 and human USP7 show similar preferences for sub-
strate-attached monoubiquitin and short chains. A, purity of recombinant
Ubp15 isoforms. Shown is a silver-stained gel showing 50 ng of the indicated
Ubp15 isoforms after affinity purification from E. coli lysates. C214S indicates
a catalytically inactive isoform of Ubp15 wherein the catalytic Cys*'* was
mutated to Ser (9, 23). B, characterization of Ub-AMC hydrolysis by Ubp15.
Recombinant Ubp15 (10 pm) was incubated with Ub-AMC (0.02-2.5 um) for 30
min at room temperature and release of fluorescent AMC was monitored.
Initial velocities were calculated and plotted against Ub-AMC concentration.
Estimated values of K,,, and k., were calculated using Prism. C, catalytic Cys*'*
is required for Ub-VME binding to Ubp15. Ubp15 or Ubp15-C214S (50 ng) was
exposed to Ub-VME, an activity-based probe that irreversibly cross-links to
the catalytic Cys residue in active USPs (25). Human USP7 serves as a positive
control for Ub-VME reactivity. D, catalytic Cys*'* is required for Ub-AMC
hydrolysis by Ubp15. Ubp15 or Ubp15-C214S (33 pm) was exposed to Ub-
AMC (2.5 um) for 30 min at room temperature, and release of fluorescent AMC
was monitored. E, comparison of recombinant and endogenous yeast Ubp15.
Shown is the time course of '*°I-labeled Pds1-Lys** deubiquitination by 4 nm
recombinant (Bact) or 10 nm immunoprecipitated (Yeast) Ubp15. Pds1-Lys*?
ubiquitin conjugates were made as described in Fig. 2G. Deubiquitinated
Pds1-Lys*? (bottom band) and bands corresponding to 1 or more ubiquitins
on Pds1-Lys*® are indicated. F, quantitation of recombinant Ubp15 activity
from E. Levels of each ubiquitin conjugate are normalized to their initial val-
ues (in arbitrary units) at time zero. G, comparison of Ubp15 with human
USP7. Time course of ubiquitin removal from '>*I-labeled CycB-Lys®° by 130
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chains on it using the APC/C and its two partner E2 enzymes,
Ubcl and Ubc4 (13).

The accumulation of deubiquitinated Pds1-110 (lowest
band on the gel) showed that most of the purified DUBs could
deubiquitinate Pds1-110, with some enzymes (e.g. Ubpl, -2, -3,
-10, and -12) displaying high activity and others (e.g. Ubp4, -5,
-11, and -16) showing little or no activity (Fig. 2C). We also
measured deubiquitination of an N-terminal fragment (resi-
dues 13-110) of sea urchin CycB, a well characterized model
APC/C substrate. The enzymes that deubiquitinated Pds1-110
also targeted CycB with similar activity (Fig. 2D).

Most DUBs showing activity generated fully deubiquitinated
Pds1-110 and CycB, indicating that they removed proximal
ubiquitins (i.e. directly attached to substrate) along with any
polyubiquitin chains. Several enzymes (e.g. Ubp6 and Ubp14)
seemed to accumulate mono-, di-, or triubiquitinated products
and might therefore be less efficient at removing proximal
ubiquitins. To directly test this, we substituted methyl ubiquitin
in the APC/C reaction to prevent chain extension. This con-
firmed the restricted activity seen with Ubp6 and Ubp14 and
showed that the ability of a DUB to remove monoubiquitin
from a substrate generally correlated with its activity toward
mixed chain lengths (Fig. 2, E and F).

Our results indicate that several yeast DUBs possess activity
toward APC/C substrates, raising the possibility of redundancy
in DUB function in the cell. Indeed, none of the 16 UBP genes is
required for viability (21), and we found that no single deletion
mutant displays a clear cell cycle defect.> We also were unable
to detect genetic interactions between the APC/C and Ubp
family members: for example, the growth defects of hypomor-
phic APC/C mutants (docI-4A and cdc26A) were not sup-
pressed by deletion of individual Z/BP genes. We therefore sus-
pect that APC/C substrate modification in the cell is controlled
by multiple DUBs.

Long Lys**-linked Ubiquitin Chains Attached to Substrates
Are Resistant to Many DUBs—Pds1-110 and CycB form com-
plex ubiquitination patterns because chains can be built on
multiple lysines. To allow more rigorous analysis, we produced
various Pds1-110 isoforms bearing only one lysine that can
accept ubiquitin. We found that the KEN box lysine (Lys®) is not
ubiquitinated but is required for APC/C ubiquitination at sev-
eral other lysines (Lys>3, Lys**, Lys®°, Lys®?, Lys”*, and Lys'%?).*
The first five of these were rapidly deubiquitinated by Ubp15.
We used Pds1-110 bearing only lysines 8 and 33 (Pds1-Lys®?)
for further work.

Ubiquitination of Pds1-Lys®* by the APC/C, together with
the Lys*®-specific E2, Ubcl, yielded a ladder of reaction prod-
ucts reflecting assembly of Lys*®-linked chains on Lys*® of Pds1
(Fig. 2G) (13). Exposing these products to the panel of DUBs
revealed that enzymes with activity toward Pds1-110 also tar-
geted Pds1-Lys®®. We also constructed a CycB isoform (CycB-

3 ). B. Schaefer, unpublished results.
“V. Van Voorhis, unpublished results.

nm recombinant Ubp15 or 6 nm USP7 as described in E. Wild-type CycB is
shown as molecular weight reference. See supplemental Table S1 for initial
rates. All results are representative of two to three experiments.
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Lys®) retaining just one lysine, Lys®®, a target the APC/C.°
CycB-Lys®® ubiquitin conjugates were targeted by the DUB
panel in a similar manner to Pds1-Lys*® conjugates (Fig. 2H).

Interestingly, several DUBs with significant activity toward
single-lysine substrates appeared to be more efficient at cleav-
ing short ubiquitin chains than long ones. This was most clearly
seen in reactions with Ubp1, Ubp15, and Otu2, in which most
monoubiquitin was removed, whereas tri- and tetraubiquitin
chains were more stable (Fig. 2, G and H). Thus, long Lys*®-
linked chains seemed resistant to cleavage by several DUBs.
Ubp12 appeared to be an exception, showing activity toward
both short and long chains.

Ubp15 and USP7 Preferentially Remove Monoubiquitin and
Short Chains from Substrates—To more rigorously understand
chain length preference, we carried out detailed studies of
Ubp15, which displayed a preference for short substrates and
was also of interest because it is known to associate with the
APC/C activator Cdh1l, suggesting a possible regulatory inter-
action with the APC/C (22, 23). We expressed Ubp15 in bacte-
ria, and two affinity purification steps yielded active enzyme
that was 95% pure (Fig. 34). Using the model substrate Ub-
AMC, we measured a k_,/K,, value of 2.1 X 10" m ' s ! (Fig.
3B), similar to that seen in recent studies of Ubp15 and 10-fold
higher than its human ortholog, USP7 (23, 24). Ubp15 reacted

> M. Rodrigo-Brenni, unpublished results.
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with Ub-VME and hydrolyzed Ub-AMC in a manner depen-
dent on its catalytic Cys>'* residue, consistent with earlier stud-
ies (Fig. 3C, D) (23, 25). Recombinant Ubp15 showed a pattern
of Pds1-Lys*® deubiquitination similar to that of Ubp15 immu-
noprecipitated from yeast, indicating that its activity and spec-
ificity do not depend on modification or binding partners from
yeast cells (Fig. 3E, supplemental Table S1).

Recombinant Ubp15 removed monoubiquitin faster than di-
or triubiquitin, and chains of tetraubiquitin or longer were
removed very slowly (Fig. 3F). Estimation of initial rates indi-
cated that monoubiquitin levels fell 7-fold faster than tet-
raubiquitin (supplemental Table S1). We also found that
human USP7 showed similar selectivity, removing monoubiq-
uitin from CycB-Lys®® 30-fold faster than tetraubiquitin (Fig.
3G, supplemental Table S1).

For Ubp15, this chain length selectivity did not depend on
the N- or C-terminal domains flanking the catalytic core,
although these domains were required for full activity, as seen
with Ub-AMC (Fig. 4, A-D) (23). Similarly, the isolated cata-
Iytic core of USP7 retained selectivity, despite an ~1000-fold
loss of overall activity (Fig. 4E). We propose that kinetic chain
length discrimination may explain why other DUBs in this class
(Ubpl, Ubplo, etc.) preferentially target monoubiquitin and
short chains.

The 26 S proteasome is known to recognize Lys*®-linked
chains of four or more ubiquitins (26). Thus, the low activity of
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FIGURE 5. Ubp12 shows little chain length selectivity. A, purity of recombinant Ubp12. Shown is a silver-stained gel showing 50 ng of the indicated Ubp12
isoforms after affinity purification from E. coli lysates. C373S indicates a catalytically inactive isoform of Ubp12 wherein the predicted catalytic Cys”® was
mutated to Ser (9). The asterisk indicates a co-purifying protein that does not have DUB activity (see D). B, kinetic characterization of Ub-AMC hydrolysis by
Ubp12. Recombinant Ubp12 (10 pm) was incubated with Ub-AMC (0.02-2.5 um) for 30 min at room temperature, and the release of fluorescent AMC was
monitored. Initial velocities were calculated and plotted against Ub-AMC concentration. Estimated values of K, and k., were calculated using Prism.
C, catalytic Cys®*”® is required for Ub-AMC hydrolysis by Ubp12. Ubp12, or Ubp12-C373S (33 pm) was exposed to Ub-AMC (2.5 um) for 30 min at room
temperature, and the release of fluorescent AMC was monitored. D, catalytic Cys®”® is required for Ub-VME binding to Ubp12. Ubp12 or Ubp12-C373S (50 ng)
was exposed to Ub-VME as shown for Ubp15 (Fig. 3C). The lower panel shows that the co-purifying 60 kDa protein does not react with Ub-VME. E, comparison
of recombinant and endogenous yeast Ubp12. Time course of '*I-labeled Pds1-Lys*? deubiquitination by 30 nm recombinant (Bact) or 10 nmM immunoprecipi-
tated (Yeast) Ubp12. Pds1-Lys*® ubiquitin conjugates were made as in Fig. 2G. Deubiquitinated Pds1-Lys>® (bottom band) and bands corresponding to one or
more ubiquitins on Pds1-Lys*? are indicated. F, quantitation of £. Levels of each ubiquitin conjugate are normalized to their initial values (in arbitrary units) at
time zero. G-L, comparison of recombinant Ubp12 and Ubp15. Shown are time courses of ubiquitin removal from '*°|-labeled Pds1-Lys®® (G) or '*I-labeled
CycB-Lys®® (J) by 40 nm Ubp12 or 90 nm Ubp15 as described for E. H, I, K, and L are quantitation of data from G and J as described for F. See supplemental Table
S1 for initial rates. All results are representative of two to three experiments.

/K, = 8.8 X 10°

Ubp15 toward longer chains suggests that it will not prevent
proteasomal destruction of substrates carrying long chains.
Consistent with this idea, we observed that the ubiquitinated
substrates most resistant to Ubp15 are the preferred substrates
of the proteasome in vitro (Fig. 4, F-H).

Ubp12 Efficiently Hydrolyzes Both Short and Long Lys*s-
linked Chains on Substrates—Our initial studies of single-lysine
substrates suggested that Ubp12 displayed little chain length
selectivity (Fig. 2, G and H). To explore this issue in detail, we
purified recombinant Ubp12, which displayed ~2-fold lower
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activity toward Ub-AMC than did Ubp15 (k,
M~ ' s (Fig. 5, A and B). Ubp12 hydrolyzed Ub-AMC and
reacted with Ub-VME in a manner dependent on its predicted
catalytic Cys®”? residue (Fig. 5, C and D) (9, 25). Recombinant
Ubp12 activity was comparable with that of Ubp12 purified
directly from yeast, indicating that activity does not depend on
modification or binding partners from yeast cells (Fig. 5, E
and F).

Direct comparisons of Ubp12 and Ubp15 revealed distinct
chain length specificities. Levels of monoubiquitinated Pdsl1 fell
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FIGURE 6. Ubp15 and Ubp12 show distinct base- and tip-directed activities. A, Ubp15 and Ubp12 deubiquitination of mono- (top panels) or diubiquitinated
CycB (bottom panels). Time course of '?*|-labeled CycB-Lys®® deubiquitination by 0.4 nm Ubp15 (left) or 0.5 nm Ubp12 (right). K48R ubiquitin was used for
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(right). See supplemental Table S1 for initial rates.

just 2-fold faster than those of tetraubiquitin with Ubp12,
whereas the difference with Ubp15 was 20-fold (Fig. 5, G-/, and
supplemental Table S1). The same patterns held for CycB con-
jugates (Fig. 5, J-L, supplemental Table S1).

One explanation for these results is that Ubpl2 removes
monoubiquitin more slowly than does Ubp15. Alternatively,
monoubiquitinated substrate could accumulate in Ubp12 reac-
tions as the product of longer chain degradation. If monoubiq-
uitin is hydrolyzed faster than longer chains (as was observed
with Ubp15), then the effect of any accumulation might be min-
imal. However, because Ubpl2 degraded long chains effi-
ciently, its actual rate of monoubiquitin cleavage could be
higher than that observed here. Thus, the principal difference
between Ubp15 and Ubp12 might lie in their activities toward
long chains.

Ubpl5 and Ubpl2 Show Distinct Base- and Tip-directed
Activities—To assess how chain length affects activity, we built
homotypic substrates of either mono- or diubiquitin attached
to CycB-Lys®® and exposed them to Ubpl5 or Ubp12. Both
enzymes removed monoubiquitin much faster than diubiquitin
(Fig. 6. A-C, supplemental Table S1). The high rate of monou-
biquitin cleavage seen here contrasts with the observed rates in
complex mixtures, where Ubp15 removed monoubiquitin just
3-fold faster than diubiquitin (versus 10-fold in this experi-
ment) and Ubp12 showed no difference (versus 9-fold in this
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experiment). We suspect, as described above, that tip-directed
activity in complex substrate mixtures reduces the apparent
rate of short chain hydrolysis by producing intermediate length
isoforms.

To explore further the ability of these DUBs to cleave at the
tip or base of chains, we used ubiquitin in which the terminal
glycine was mutated to alanine (G76A), which is known to
reduce DUB activity (25). G76A impeded the cleavage of
monoubiquitin from CycB by both Ubp15 and Ubp12 (9- and
32-fold, respectively) (Fig. 6, D—F, supplemental Table S1). By
incorporating G76A ubiquitin at the base or tip of a diubiquitin
chain, we then tested the effects of inhibiting cleavage at the
proximal or distal scissile bond. Diubiquitin hydrolysis by
Ubp15 was significantly slowed when G76A was used as the
distal ubiquitin, indicating that Ubp15 has tip-directed activity
(Fig. 6B). However, placing G76A at the base of the chain also
slowed diubiquitin cleavage, suggesting base-directed activity
(Fig. 6G). Because neither placement displayed wild-type cleav-
age rates, it appears that the wild-type rate is due to both tip-
and base-directed activity. Recall, however, that Ubp15 has very
little activity with longer Lys*®-linked chains, indicating that
chain length itself affects Ubp15 activity.

Ubp12 had negligible activity with substrates in which G76A
was placed at the tip of a diubiquitin chain (Fig. 6C), whereas
placement of G76A at the base of the chain allowed wild-type
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rates of cleavage (Fig. 6H). Interestingly, G76A monoubiquitin
accumulated in the latter reactions as Ubp12 removed the distal
wild-type ubiquitin (Fig. 6D, lower right panel). Thus, Ubp12
activity is directed toward the tip of substrate-attached Lys*®
linked diubiquitin chains, suggesting that its high activity
toward longer chains could also be tip-directed.

We also assessed tip- and base-directed activities using a diu-
biquitinated CycB-Lys® substrate in which only the terminal
ubiquitin was radiolabeled. Consistent with the results above,
treatment of this substrate with Ubp15 resulted in the genera-
tion of both mono- and diubiquitin, whereas treatment with
Ubp12 generated primarily monoubiquitin (Fig. 61).

Chain Structure and Linkage Affect Ubpl5 and Ubpl2
Activities—Substrate-attached Lys**-linked chains are resis-
tant to Ubp15. In these chains, the hydrophobic patches of adja-
cent ubiquitins interact to form a dimer, which can then inter-
act with an adjacent dimer to form a globular tetramer (6). We
hypothesized that this closed structure restricts Ubp15 access,
inhibiting cleavage of longer chains.

Mutations in the ubiquitin hydrophobic patch (Leu®, Ile**
and Val”®) disrupt the closed structure of Lys**-linked chains
(27). We used an [144A ubiquitin mutant to build short Lys*&-
linked chains on CycB-Lys®°. Upon exposure to Ubp15, levels of
[44A monoubiquitinated CycB fell just 2-fold faster than triu-
biquitin levels (Fig. 7, A and B). This contrasts with the kinetics
of wild-type chain hydrolysis by Ubp15, where monoubiquitin
levels declined 7—11-fold faster than triubiquitin (supplemental
Table S1). Thus, the structure of wild-type Lys**-linked chains
(rather than the linkage itself) impedes Ubp15 activity.

These results suggest that natural chain linkages with an
open conformation should offer little resistance to Ubp15.
To test this, we attached chains of Lys®*-linked ubiquitin to
CycB-Lys®. Ubp15 removed all chain lengths at similar rates
(Fig. 7, C and D), suggesting that the structure of long ubiq-
uitin chains, dictated by their linkage, determines resistance
to Ubp15.

Levels of long and short 144A chains also declined at similar
rates with Ubp12, although the amounts of di- and monoubig-
uitinated species rose before they began to fall (Fig. 7, E and F).
The cleavage of Lys®>-linked chains by Ubp12 also showed a rise
in monoubiquitinated CycB as longer chain levels fell (Fig. 7, G
and H). The accumulation of short products in these reactions
is consistent with the tip-directed activity seen above for
Ubp12. This contrasts with Ubp15 and suggests that for Ubp12,
the tips of unstructured chains may be more rapidly hydrolyzed
than monoubiquitinated substrate.

DISCUSSION

Understanding how DUBs target physiological substrates
has been difficult because of their complex ubiquitination pat-
terns. Using unanchored chains to characterize DUB activity
has been fruitful, but unanchored chains are not the relevant
substrates for most DUBs (7). By using simplified physiological
substrates bearing single ubiquitin chains, we unexpectedly
found that many DUBs, including Ubp12, Ubp15, and human
USP7, preferentially remove monoubiquitin from protein sub-
strates. This activity suggests an efficient and general means for
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FIGURE 7. Chain structure affects Ubp15 and Ubp12 activity. A, deubiquiti-
nation of disordered Lys*®-linked chains by Ubp15. Shown is a time course of
removal of ubiquitin bearing the hydrophobic patch mutation, 144A, from
25|-labeled CycB-Lys®° by 4 nm Ubp15. 144A ubiquitin was attached to CycB-
Lys®® in an APC/C reaction with Ubc4 and Ubcl. The APC/C reaction was
terminated with hydroxylamine and N-ethylmaleimide. B, quantitation of
data from A. Levels of each ubiquitin conjugate are normalized to their initial
values (in arbitrary units) at time zero. Note the short time scale relative to
other graphs in this figure. C, deubiquitination of Lys®*-linked chains. Shown
is the time course of removal of monoubiquitin or Lys®*-linked ubiquitin
chains from *?P-labeled CycB-Lys®® by 0.4 nm Ubp15. Preformed chains of
Lys®3-linked ubiquitin were attached to CycB-Lys®® using Ubc4 in an APC/C-
dependent reaction. The APC/C reaction was terminated with heat. D, quan-
titation of data in C as shown in B. E, deubiquitination of disordered Lys*3-
linked chains by Ubp12.Shown is the time course of 144A ubiquitin removal as
described in A, using 20 nm Ubp12. F, quantitation of data in E as shown in B.
G, deubiquitination of Lys®*-linked chains. Shown is the time course of
removal of monoubiquitin or Lys®3-linked ubiquitin chains as shown in C,
using 0.4 nm Ubp12. H, quantitation of data in G as shown in B. See supple-
mental Table S1 for initial rates. All results are representative of two to three
experiments.

DUBs to functionally oppose E3 ligases by preventing chain
elongation.

To help explain our results with longer chains, it is useful to
consider that ubiquitinated substrates can interact with a DUB
in four major ways (Fig. 8). Ubp15 and Ubp12 both displayed
high monoubiquitin-directed activity, indicating that in both
enzymes, the proximal binding surface accommodates the
unstructured polypeptide chain of the securin or cyclin sub-
strate. Ubp15 has base- and tip-directed activity, suggesting
that its proximal surface can also bind ubiquitin and that its
distal pocket allows binding of proximal as well as terminal
ubiquitins. However, substrates are excluded from productive
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FIGURE 8. Models of substrate-attached chain deubiquitination. Deubiqg-
uitinating enzymes can use four different mechanisms to remove ubiquitin
from substrates. The simplest reaction is monoubiquitin removal, in which
the protein substrate (e.g. securin or cyclin; shown as a black line) interacts
with the proximal binding surface (S1’ site) of the DUB, whereas the distal
pocket (S1 site) binds ubiquitin. Base-directed activity is similar, but with addi-
tional ubiquitin(s) attached to the one in the distal pocket. For tip-directed
activity, the distal pocket of the DUB binds the terminal ubiquitin of a chain,
leaving the adjacent ubiquitin to interact with the proximal binding surface.
Finally, for endo-deubiquitination, both sites are occupied with ubiquitin,
with additional ubiquitin (shown in green) attached to the distal one, poten-
tially interacting with an S2 site on the DUB (30). Shown are illustrations of
Protein Data Bank code 1NBF with MacPyMOL (8, 29).

interaction with Ubp15 if they bear long Lys*®-linked chains.
This may indicate difficulty in capturing the proximal or termi-
nal ubiquitin of chains that are folded into higher-order struc-
tures by interubiquitin contacts. Many USPs in this study
showed a similar restriction, suggesting that reduced activity
toward longer Lys*-linked chains on substrates could be a
common feature of these enzymes.

We found that Ubp12 can cut from the tips of long chains in
addition to removing monoubiquitin but shows negligible base-
directed activity. We infer that its proximal site is permissive for
ubiquitin or substrate, but its distal pocket may not accommo-
date extensions, at least from Lys*®, beyond the bound ubiqui-
tin. This latter restriction would be sufficient to explain the lack
of appreciable base-directed activity but not the ability to access
the tips of long Lys*®-linked chains. We speculate that the abil-
ity of Ubp12 to access the tips of long Lys*®*-linked chains might
reflect a gain of function relative to other DUBs, as it has several
structural features that are not found together in other DUBs in
this study (9).

Many E3 ligases build chains on substrates in two steps, using
distinct E2 enzymes (28). In the case of the yeast APC/C, Ubc4
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is specialized for attaching monoubiquitin to substrates, prim-
ing them for Lys*®-linked chain extension by Ubcl (13). The
APC/C binds with extremely high affinity to specific targets,
allowing processive assembly of long polyubiquitin chains in a
single substrate-binding event (19). In contrast, nonspecific,
low affinity interactions between E3 ligases (or E2 enzymes) and
other proteins are likely to generate monoubiquitin or short
polyubiquitin chains on those proteins. In the cell, the ability of
Ubp12, Ubpl5, and numerous other DUBs to rapidly remove
monoubiquitin might provide an effective mechanism for
reversing the effects of these nonspecific ligation reactions,
thereby preventing inappropriate protein destruction. Simi-
larly, many DUBs are found in complexes with E3 enzymes, and
monoubiquitin-directed DUB activity could create a high
threshold for those E3 enzymes to build polyubiquitin chains
and may also oppose E3 autoubiquitination (16, 17).

Our finding that long Lys**-linked chains on substrates are
resistant to Ubp15, human USP7, and other yeast DUBs could
suggest that the same chains that target substrates to the pro-
teasome also resist removal by many DUBs. We propose that
such functional opposition helps create an all-or-none mecha-
nism in which substrates are either free from ubiquitin or
degraded due to attachment of DUB-resistant long Lys*®
chains.
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