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Abstract
The ubiquitin system regulates virtually all aspects of cellular function. We report a method to
target the myriad enzymes that govern ubiquitination of protein substrates. We used massively
diverse combinatorial libraries of ubiquitin variants to develop inhibitors of four deubiquitinases
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(DUBs) and analyzed the DUB-inhibitor complexes with crystallography. We extended the
selection strategy to the ubiquitin conjugating (E2) and ubiquitin ligase (E3) enzymes and found
that ubiquitin variants can also enhance enzyme activity. Last, we showed that ubiquitin variants
can bind selectively to ubiquitin-binding domains. Ubiquitin variants exhibit selective function in
cells and thus enable orthogonal modulation of specific enzymatic steps in the ubiquitin system.

The biological importance of the ubiquitin system for protein posttranslational modification
rivals and may exceed that of phosphorylation (1, 2). Consequently, there is great interest in
deciphering the role of protein ubiquitination and deubiquitination in both normal and
disease states (1). Ubiquitin (Ub) is a small, highly conserved protein that is covalently
conjugated to proteins through a cascade of enzyme activities, E1→E2→E3, which can be
read by a cohort of Ub-binding domains (UBDs) and reversed by deubiquitinating enzymes
(DUBs). Ub monomers and chains of different linkages can be assembled on the substrate,
and this complex code can target the substrate for degradation by the 26S proteasome or
alter its interactions, localization, or activity (3).

The 58 human ubiquitin-specific proteases (USPs) (4), which represent more than half of the
known DUBs, have attracted attention as potential therapeutic targets (5, 6). Numerous
USPs have been implicated in cancer and other pathologies, including neurodegenerative,
haematological, and infectious diseases (7–13). USPs are cysteine proteases that share a
structurally conserved catalytic domain with a well-defined catalytic cleft (14). Thus, it may
be possible to develop a general structure-based strategy for inhibiting family members by
using similar yet specific molecular entities, as has been the case for kinases that have been
targeted with small molecules built on common scaffolds (15). However, only a few weak
inhibitors of USPs or other DUBs have been reported (16–18). The paucity of specific
inhibitors for DUBs has hampered attempts to understand and manipulate deubiquitination
pathways for therapeutic benefit.

We developed a strategy to use Ub as a scaffold to generate highly specific and potent
inhibitors of USPs and then extended the approach to target other DUB families, E2
enzymes, E3 enzymes, and UBDs. USP substrates contain a proximal Ub moiety that is
conjugated through its C-terminal carboxyl group to a lysine in a target Ub or protein
substrate (19, 20). Despite low sequence similarity, USP catalytic domains share a common
fold that includes a structurally conserved Ub-binding site for the proximal Ub.

To aid our inhibitor design strategy, we solved the structure of USP21 in complex with a
suicide-substrate Ub moiety that forms a covalent bond between its C terminus and the
catalytic cysteine of the enzyme (table S1) (21, 22). Superposition of the Ub:USP21
complex structure with structures of four other Ub:USP complexes shows that Ub occupies a
similar site on all five enzymes (Fig. 1A). The contact surface between Ub and the USPs is
large; for example, 1835 and 1645 Å2 are buried on the surfaces of Ub and USP21,
respectively. Approximately 75% of the Ub-binding surface on USP21 is composed of
residues that are not conserved within the USP family (Fig. 1B and fig. S1).

Because Ub binds to USPs with low affinity but through a large contact area, we reasoned
that we should be able to make mutations in Ub that optimize intermolecular contacts and
enhance affinity for a particular USP. Because the Ub-binding sites of USPs vary in
sequence, Ub variants that bind tightly to one USP should not interact with other USPs.
Tight binding Ub variants should act as competitive inhibitors of catalytic activity by
blocking the recognition of natural ubiquitinated substrates. To test our hypothesis, we
constructed combinatorial, phage-displayed libraries of Ub variants for selection against
different USPs and other Ub-associated proteins.
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We defined the USP-binding site as ~30 Ub residues that make contact with USP21 in
theUb:USP21 complex structure (Fig. 1, C and D). We constructed two phage-displayed
libraries using a soft randomization strategy that favored the wild-type (wt) sequence but
allowed for diversity across the entire Ub-binding site (23, 24). This approach enabled the
selection of variants with mutations that improve affinity for a particular USP without
drastically altering the binding interaction.

Binding selections yielded variants that bound to either USP8, USP21, or USP2a (Fig. 2A
and table S2) but not to 10 other USPs (Fig. 2B).We also isolated variants that bound
selectively to members of two other DUB families: the ovarian tumor protease (OTU)
family member OTUB1 (25, 26) and the JAB1/MPN/MOV34 metallo-
enzyme(JAMM)family member Brcc36-containing isopeptidase complex (BRISC) (27,
28).We also identified variants that bound selectively to the homologous to the E6-AP
carboxyl terminus (HECT) domains of the E3 enzymes neural precursor cell expressed
developmentally down-regulated protein 4 (NEDD4) or itchy homolog E3 ubiquitin protein
ligase (ITCH) (29, 30), to the noncatalytic UBDs of USP37 (USP37-UBD) (31, 32), and to
the E2 enzyme Cdc34 (Fig. 2, A and B, and table S2) (33).

Ub variants that bound selectively to USP8, USP21, or USP2a were purified as free proteins
in a truncated form lacking the last two glycines that are required for conjugation to
substrates (19). In vitro proteolysis assays with the substrate Ub-AMC (34) showed that
each Ub variant potently inhibited its cognate USP [median inhibitory concentration (IC50)
= 4.8 nM, 2.4 nM, or 25 nM for Ubv.8.2CΔ2, Ubv.21.4CΔ2, or Ubv.2.3CΔ2, respectively]
(Fig. 2C). In contrast, neither the variants, nor Ub.wt, inhibited non-cognate USPs (IC50 >>
1 µM) (fig. S2). Purified Ubv.B1.1 bound to OTUB1 with a dissociation constant (Kd) of 20
nM (fig. S3A) and efficiently inhibited the cleavage of K48-linked di-Ub (fig. S3B), which
is consistent with a substrate-competitive binding mode. OTUB1 binds to the activated E2-
conjugating enzyme Ub~UbcH5b, and binding is enhanced by Ub.wt (35). Although
Ubv.B1.1 binds to OTUB1 much more tightly than does Ub.wt, it shows a compromised
ability to promote complex formation (Fig. 2D), suggesting an alteration in binding mode to
OTUB1 relative to Ub.wt.

To elucidate the molecular details of enzyme inhibition,we determined the structures
ofUSP21, USP8, USP2a, and OTUB1 in complex with their cognate inhibitors at 2.0, 2.6,
1.85, or 2.5 Å, respectively (Fig. 3 and table S1).

The structures of USP21 in complex with Ubv.21.4 or Ub.wt were highly similar; the Cα
atoms of the USP and Ub moieties superim-pose with root-mean-square deviation (RMSD)
of less than 0.7 or 0.4 Å2, respectively (Fig. 3A). Ubv.21.4 was purified with a C-terminal
extension, but mass spectrometry of protein sample before crystallization showed a mass
consistent with cleavage of the tail after Gly76, the last residue of natural Ub (fig. S4 and
table S3). These results indicate that Ubv.21.4 is a substrate for USP21 but is not released
after cleavage. This result is consistent with the crystal structure, which shows excellent
superposition between the tails of Ubv.21.4 and Ub.wt in the catalytic cleft of the enzyme.

The three mutated residues in Ubv.21.4 contact residues of USP21 that are not conserved in
the USP family (Fig. 3B), and this provides a structural explanation for the selectivity of
Ubv.21.4 for USP21 (fig. S5). Compared with Ub.wt, two of the three substitutions in Ubv.
21.4 serve to remove repulsive interactions and optimize hydrophobic packing with USP21.
The Glu64 side chain in Ub.wt is located close to Asp438* of USP21 (USP residues are
marked with asterisks), but in Ubv.21.4, this unfavorable charge interaction is abrogated by
substitution with Trp64, which makes a hydrogen bond with Asp438* and hydrophobic
contacts with the side chains of Pro435* and Val436*. (Fig. 3C, left). The Ub side chain at
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position 68 packs against three hydrophobic side chains of USP21, and consequently, the
hydrophobic Phe68 of Ubv.21.4 appears to make more favorable interactions than those of
the polar His68 side chain of Ub.wt (Fig. 3C, center).

We could not solve the structure of USP8 in complex with Ub.wt, but we compared the
structure of USP8 in complex with Ubv.8.2 with a previous structure of the USP8 catalytic
domain alone (apo-USP8) (36). An auto-inhibited or inactive state was ascribed to apo-
USP8 because the Ub-binding site is partially occluded by a zinc finger domain, implying an
induced fit mechanism for substrate binding. Overall, the structures of apo-USP8 and USP8
in complex with Ubv.8.2 are similar, and the Cα atoms superimpose with a RMSD of 1.4 Å2

(Fig. 3D). However, there are substantial changes in the zinc finger region, which is opened
by ~8 Å (measured by the change in position of Asn980*) in the inhibitor-bound form.
Additionally, the BL2 loop adjacent to the active site of the protein is shifted slightly
outward by ~3 Å (measured by the change in position of Gly1018*). Surprisingly, Ubv.8.2 is
rotated by ~85° and shifted by ~5 Å relative to the positions of the Ub moieties in the
complexes with USP21 and other USPs (Figs. 1 and 3). Consequently, the tail of Ubv.8.2
does not extend into the active site cleft, and consistently, mass spectrometry showed no
cleavage of the C-terminal extension that was added downstream of Gly76 (fig. S2 and table
S3). Thus, Ubv.8.2 binds to a conformation of USP8 that resembles apo-USP8 but in an
orientation that differs drastically from known structures of Ub.wt bound to active USPs.
Despite these unusual features, Ubv.8.2 occludes the Ub-binding site and potently inhibits
USP8 activity.

Nine of the 12 mutated residues in Ubv.8.2 make contacts with USP8, and 70% of these
contacts involve nonconserved residues in the USP family (Fig. 3E), likely accounting for
the high specificity of Ubv.8.2 for USP8 (Fig. 2B). The tail of Ubv.8.2 contains three
mutated contact residues (Ala66, Tyr68, and Leu70) and interacts with an α-helix formed by
residues 870* to 882* of USP8 (Fig. 3F, left). A second cluster of contacts involving
mutated residues is formed by the interactions of Arg2, Val4, Ile14, and His64 with residues
891* to 895* (Fig. 3F, center). The remaining two mutated contact residues (Met9 and
Arg11) are in close proximity (Fig. 3F, right).

The structures of USP2a in complex with Ub.wt or Ubv.2.3 are highly similar (Fig. 3G)
because the Cα atoms of the USP and Ub moieties superimpose with a RMSD of 1.0 or 0.3
Å, respectively. The three mutated residues in Ubv.2.3 make contacts with residues that are
not conserved in the USP family (Fig. 3H), again explaining the selectivity. Relative to
Ub.wt, the three substitutions alter hydrogen-bonding patterns (Fig. 3I). Whereas Lys6 of
Ub.wt formed a hydrogen bond with Asp466*, Asn6 of Ubv.2.3 forms a hydrogen bond with
Lys503* (Fig. 3I, left). Consequently, Asp466* reorients and forms a hydrogen bond with
His12 of Ubv.2.3 (Fig. 3I, middle).

The structure of the OTUB1 OTU domain (OTUB145–271) in complex with Ubv.B1.1 (table
S1) reveals that Ubv.B1.1 binds to the distal Ub-binding site of OTUB1 (Fig. 3J) and
enables a rationalization of its altered binding and allosteric properties. Compared with a
previously published Ub~UbcH5b-OTUB1-Ub complex structure (35), Ubv.B1.1 is rotated
by 22° relative to the distal site Ub.wt (Fig. 3J). This deviation in binding mode may
account for the compromised ability to allosterically promote binding of Ub~UbcH5b to
OTUB1. Four of the six mutated residues in Ubv.B1.1 are in contact with OTUB1 (Fig. 3K)
and bind to a turn motif connecting α8 and α9 of OTUB1. Most prominent in this
interaction are Leu44, Arg47, and Tyr68, which improve polar and hydrophobic contacts.
Arg47 establishes hydrogen bonds to four main chain carbonyl groups in the turn motif (Fig.
3L, left), whereas Tyr68 makes favorable packing interactions with His192* and Phe193* (Fig.
3L, middle). Leu44 establishes van der Waals contacts with the peptide bonds of the α8:α9
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loop (Fig. 3L, right). These results demonstrate that high-affinity Ub variants can be
developed against specific UBDs.

We investigated the in vivo effects of different variants expressed as C-terminal fusions with
Flag-tagged green fluorescent protein in mammalian cells. Mass spectrometric analysis of
associated proteins showed that each inhibitor interacted specifically with its cognate USP
(table S4).

Ubiquitinated receptor-interacting protein 1 (RIP1) is a positive regulator of nuclear factor
κB (NF-κB) activation induced by tissue necrosis factor–α (TNFα), and in turn, USP21 has
been shown to down-regulate TNFα-induced NF-κB activation by deubiquitinating RIP1
(37). Ubv.21.4CΔ2 coimmunoprecipitated with USP21 in cotrans-fected human embryonic
kidney (HEK) 293T cells (Fig. 4A), blocked the deubiquitination of RIP1 by USP21 (Fig.
4B), and restored NF-κB activation (Fig. 4C). No such effects were observed when Ub.wt
was cotransfected rather than Ubv.21.4CΔ2. These results show that Ubv.21.4CΔ2 binds and
inhibits USP21 in cells and establish that Ub variants can act as orthogonal genetic probes of
USP function.

USP8 regulates ligand-mediated endocytosis of several receptors (38–40), including the
epidermal growth factor receptor (EGFR), de ubiquitination of which protects it from
degradation in lysosomes (38). Immunoprecipitated Ubv.8.2CΔ2, but not Ub.wtCΔ2, was
associated with endogenous USP8 (Fig. 4D). EGF-stimulated ubiquitination of EGFR in
transfected HEK293 cells that express large amounts of Flag-tagged EGFR (~106/cell) (41)
was greater in cells expressing Ubv. 8.2CΔ2 than in cells expressing Ub.wtCΔ2 (Fig. 4E).
Expression of Ubv.8.2CΔ2 in HEK293 cells, but not Ub.wtCΔ2, resulted in more rapid
down-regulation of endogenous EGFR in response to a low dose (5 ng/ml) of EGF (Fig. 4F),
which is the expected outcome of USP8 inhibition (38, 42). These data illustrate that Ubv.
8.2CΔ2 can modulate EGFR ubiquitination over a broad range of receptor densities.

Confocal microscopy of cells expressing Ubv.8.2CΔ2 or Ub.wtCΔ2 (fig. S6) showed no
difference in the colocalization of EGFR with the early endosomal antigen 1 (EEA1),
indicating that endosomal uptake of EGFR in response to EGF stimulation was not affected
by the Ub variant (Fig. 4G). However, Ubv.8.2CΔ2, but not Ub.wtCΔ2, resulted in greater
colocalization of EGFR with the lysosome-associated protein 1 (LAMP1) and
correspondingly less colocalization with the endosomal recycling marker Ras-related protein
RAB11, indicating that Ubv.8.2CΔ2 enhances transfer of EGFR from endosomes to
lysosomes (Fig. 4G and fig. S6). These results show that Ubv.8.2CΔ2 interacts with and
inhibits USP8 in cells, and this results in increased ubiquitination and accelerated
degradation of activated EGFR in lysosomes.

Last, we explored the effects of Ubv.N.2 on the activity of the NEDD4 ligase. Purified Ubv.
N.2 bound to the HECT domain of NEDD4 more avidly than did Ub.wt (fig. S7).
Unexpectedly, Ubv.N.2 enhanced the auto-ubiquitination of recombinant full-length
NEDD4 in vitro (Fig. 4H). We tested the effect of Ubv.N.2 on NEDD4 in cells by
monitoring a NEDD4 substrate, the transcription factor Ying-Yang1 (YY1) (43). No
ubiquitination of YY1 was detected in cells transfected with catalytically inactive NEDD4,
whereas YY1 was ubiquitinated in cells transfected with wt NEDD4, and this ubiquitination
was strongly enhanced by the presence of Ubv.N.2 as compared with Ub.wtCΔ2 (Fig. 4I).
NEDD4 is auto-inhibited by intramolecular protein-protein interactions (44), and it is likely
that Ubv.N.2 alleviates this inhibition.

Through engineered optimization of the low-affinity interactions between Ub and enzymes
of the ubiquitin system, we were able to develop potent and selective modulators of
ubiquitin system activity. Structural analyses explained the higher affinity of the Ub variants
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and underscored the plasticity of the Ub fold as a recognition scaffold. Ub variants cause
target-specific effects on enzyme activity and can act as simple competitive inhibitors in the
case of some USPs, as both a competitive inhibitor of catalytic function and an allosteric
attenuator of Ub~UbcH5b docking in the case of OTUB1, or as enhancers of ubiquitin ligase
activity in the case of NEDD4.

Collectively, these results show that the dynamic interactions of Ub can be harnessed to
develop selective modulators of major enzyme classes in the ubiquitin system. Our findings
illustrate a previously unappreciated feature of ubiquitin itself, namely that the extreme
sequence conservation of ubiquitin is likely dictated by the constraints of low-affinity
interactions with hundreds of partners, few if any of which can tolerate mutational drift
toward higher-affinity interaction. As we illustrate here, Ub variants will serve as useful
genetic probes to assess and modulate ubiquitin system function in vivo. Applications of Ub
variants in drug discovery will include target validation, competition-based screening
assays, and structure-guided design of small-molecule mimetics of the stabilized Ubtarget
interface.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structural rationale and library design for Ub-based USP inhibitors. (A) Superposition of Ub
in complex USP21 (blue; PDB entry 3I3T), USP2a (green; PDB entry 2HD5), USP5
(yellow; PDB entry 3IHP), USP7 (magenta; PDB entry 1NBF), and USP14 (red; PDB entry
2AYO) (22, 45, 46). The superposition was performed with complete coordinates for the
Ub:USP complexes, but for clarity, only USP21 is shown (gray). (B) The Ub-binding site of
USP21. USP21 is shown as a molecular surface, and residues that form the Ub-binding site
are colored red or blue, indicating residues that are <50% or ≥50% conserved, respectively,
in the sequences of 48 human USPs (fig. S1). (C) The phage-displayed Ub library design
mapped onto the Ub structure (PDB entry 1UBQ). The Ub main chain is shown as a gray
tube, and positions that were diversified in the libraries are shown as spheres, colored as
follows: region 1, purple; region 2, blue; and region 3, orange. (D) The primary sequence of
the regions targeted in the library design. Diversified sequences are shaded and colored as in
(C). Two libraries were constructed. Amongst the shaded sequences, library 1 (7 × 1010
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distinct variants) did not target six of the positions in region 3 (73 to 78), and library 2 (9 ×
109 distinct variants) did not target four of the positions in region 2 (35, 37, 39, and 40).
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Fig. 2.
Selective binding of Ub variants to DUBs, Ub ligases, and UBDs, and inhibition of DUB
function in vitro. (A) Sequence alignment of Ub.wt and representative Ub variants selected
for binding to USP8 (8.2), USP21 (21.4), USP2a (2.3), OTUB1 (B1.1), the BRISC protein
complex (BR.1), NEDD4 (N.2), ITCH (IT.1), USP37-UBD (37.1), or Cdc34 (R1.2). The
alignment shows only those positions that were diversified in the Ub library, and positions
that were conserved as the wt sequence are indicated by dashes. A complete list of selected
variants is provided in table S2. (B) Ub variants bind selectively to their cognate targets, as
shown by phage enzyme-linked immunosorbent assays for binding to the following
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immobilized proteins (color coded as indicated in the panel): USP2a, USP5, USP7, USP8,
USP9x, USP9y, USP10, USP14, USP16, USP21, USP48, OTUB1, BRISC, NEDD4, ITCH,
and USP37-UBD. Bound phage were detected spectrophotometrically (optical density at 450
nm), and background binding to neutravidin was subtracted from the signal. (C) Inhibition
of USP2a, USP28, or USP21 shown as dose-response curves for Ub variants. The IC50 value
was determined as the concentration of Ub variant that reduced USP activity by 50%. (D)
The effects of Ubv.B1.1 or Ub. wt on binding of OTUB1 to Ub~UbcH5B measured as
relative fluorescence by means of time-resolved Förster-energy transfer. The median
effective concentration (EC50) value is defined as the half-maximal effective concentration
of OTUB1.
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Fig. 3.
Molecular basis for DUB inhibition by Ub variants. (A) Superposition of USP21 (yellow) in
complex with Ubv.21.4 (purple) and USP21 (gray) in complex with Ub.wt (blue). (B)
Surface representation of the Ub-binding site of USP21 in complex with Ubv.21.4 (wheat
tube). Residues in Ubv.21.4 that are mutated relative to Ub.wt are shown as colored sticks,
and residues on the USP21 surface that make contact with these residues are colored red or
blue if they are <50% or ≥50% conserved in the sequences of 48 human USPs, respectively.
(C) Details of the superposition of USP21 in complex Ubv.21.4 or Ub.wt, showing the
changes in molecular interactions caused by the mutations at positions 64 (left), 68 (center),
and 70 (right). The Ubv.21.4 side chains are colored as in (B), and Ub.wt side chains are
colored blue. Main chains and USP21 side chains are colored as in (A). Residues are
numbered according to the PDB files, and asterisks indicate USP residues. (D)
Superposition of USP8 (yellow) in complex with Ubv.8.2 (purple) and apo-USP8 (gray).
Dashed ovals demarcate structural changes in the zinc finger region (red) or the BL2 loop
(black) of USP8. (E) Surface representation of the Ub-binding site of USP8 in complex with
Ubv.8.2 (wheat tube). Residues in Ubv.8.2 that are mutated relative to Ub.wt and make
contact with USP8 are shown as colored sticks, and residues on the USP8 surface that make
contact with these residues are colored red or blue, as in (B). (F) Details of USP8 in
complex with Ubv.8.2, showing molecular interactions involving residues in Ubv.8.2 that
are mutated relative to Ub.wt and are in contact with USP8. The Ubv.8.2 side chains are
colored as in (E). Main chains and USP8 side chains are colored as in (D). (G)
Superposition of USP2a (yellow) in complex with Ubv.2.3 (purple) and USP2a (gray) in
complex with Ub.wt (blue). (H) Surface representation of the Ub-binding site of USP2a in
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complex with Ubv.2.3 (wheat tube). Residues in Ubv.2.3 that are mutated relative to Ub.wt
are shown as colored sticks, and residues on the USP2a surface that make contact with these
residues are colored red or blue, as in (B). (I) Details of the superposition of USP2a in
complex with Ubv.2.3 or Ub.wt, showing changes in molecular interactions caused by the
mutations at positions 6 (left), 12 (center), and 9 (right). The Ubv.2.3 side chains are colored
as in (H). Main chains and USP2a side chains are colored as in (G). (J) Superposition of
OTUB1 (yellow) in complex with Ubv. B1.1 (purple) and OTUB1 (gray) in complex with
distal Ub.wt (blue) and an E2-Ub covalent conjugate consisting of E2 conjugating enzyme
UbcH5b (red) and Ub.wt (green). (K) Surface representation of the Ub-binding site of
OTUB1 in complex with Ubv.B1.1 (wheat tube). Residues in Ubv.B1.1 that are mutated
relative to Ub.wt are shown as colored sticks, and residues on the OTUB1 surface that are in
contact with these residues are colored red. (L) Details of the superposition of OTUB1 in
complex with Ubv.B1.1 or Ub.wt, showing changes in molecular interactions caused by the
mutations at positions 47 (left), 66 and 68 (center), and 42 and 44 (right). The Ubv.B1.1 side
chains are colored as in (K). Main chains and OTUB1 side chains are colored as in (J).

Ernst et al. Page 13

Science. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Modulation of enzyme function in cells by Ub variants. (A) Flag-tagged Ubv.21.4CΔ2, but
not Ub.wtCΔ2, interacts with Myc-tagged USP21, as evidenced by immunoprecipitations
with anti-Myc followed by immunoblotting with anti-Flag. (B) Transfection of Ubv.
21.4CΔ2, but not Ub.wtCΔ2, causes increased RIP1 ubiquitination. The blot is overexposed
so as to reveal the ubiquitination state of RIP1. (C) NF-κB–mediated luciferase activity,
which is activated by RIP1 transfection and down-regulated by USP21 cotransfection, is
restored by cotransfection of Ubv.21.4CΔ2 but not by cotransfection of Ub.wt CΔ2. (D)
Ubv.8.2CΔ2, but not Ub.wtCΔ2, binds to USP8 in an EGFstimulation– independent manner,
as shown by means of immunoprecipitation of Flag-tagged Ub variants, followed by
immunoblotting with antibodies to USP8. Immunoblotting of whole-cell lysates (WCLs)
with anti-phosphotyrosine (pY) and antibodies to USP8 indicates that EGFR
phosphorylation and endogenous USP8 concentrations are not affected by the expression of
Ub.wtCΔ2 or Ubv.8.2CΔ2. An irrelevant mouse antibody was included as negative control
(first two lanes). (E) Transient expression of Ubv.8.2CΔ2, but not Ub.wtCΔ2, leads to
increased ubiquitination of EGFR in response to stimulation with EGF (10 ng/ml, 10 min) in
HEK293 cells stably expressing Flag-tagged EGFR, as shown by means of
immunoprecipitation with anti-Flag antibody from denatured lysates, followed by
immunoblotting with anti-Ub antibody. (F) Expression of Ubv.8.2CΔ2, but not Ub.wtCΔ2,
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leads to decreased levels of endogenous EGFR in response to stimulation with EGF, as
shown through analysis of total cellular EGFR levels by immunoblotting with antibody to
EGFR. Immunoblotting of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) indicates
that similar amounts of sample were probed. (G) Quantification of colocalization of EGFR
with EEA1, RAB11, or LAMP observed in immunoflourescence microscopy images. The
mean colocalization coefficients, averaged from 10 independent single-cell images,
represent pixel overlap between EGFR and EEA1, Rab11, or LAMP. The coefficients vary
from 0 to 1, with 0 corresponding to nonoverlapping images and 1 corresponding to 100%
colocalization. All error bars represent SD *P < 0.001. (H) Auto-ubiquitination of NEDD4
in vitro. Recombinant full-length NEDD4 was incubated for 3 hours with E1, E2 (UbcH7),
adenosine 5´-triphosphate (ATP), Ub, and Ub.wtCΔ2 or Ubv.N.2, and the reaction mixture
was immunoblotted with antibody to NEDD4. Ubv.N.2 is not a substrate for the E1–E2–E3
enzyme ubiquitination cascade because its C terminus does not contain a di-glycine motif
(Fig. 2A). (I) Ubiquitination of the NEDD4 substrate YY1 in cells. HEK293T cells were
transfected with Flag-tagged YY1, V5-tagged NEDD4 (wt or catalytically inactive CS
mutant), and Ub.wtCΔ2 or Ubv.N.2. YY1 was immunoprecipitated with antibody to Flag,
and gels were immunoblotted for Ub (top) or YY1 (middle). (Bottom) The amount of
NEDD4 in the lysates.
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