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SUMMARY

Ubiquitin chains are important post-translational
modifications that control a large number of cellular
processes. Chains can be formed via different
linkages, which determines the type of signal they
convey. Deubiquitylating enzymes (DUBs) regu-
late ubiquitylation status by trimming or removing
chains from attached proteins. DUBs can contain
several ubiquitin-binding pockets, which confer
specificity toward differently linked chains. Most
tools for monitoring DUB specificity target bind-
ing pockets on opposing sides of the active site;
however, some DUBs contain additional pockets.
Therefore, reagents targeting additional pockets
are essential to fully understand linkage specificity.
We report the development of active site-directed
probes and fluorogenic substrates, based on non-
hydrolyzable diubiquitin, that are equipped with
a C-terminal warhead or a fluorogenic activity re-
porter moiety. We demonstrate that various DUBs
in lysates display differential reactivity toward
differently linked diubiquitin probes, as exempli-
fied by the proteasome-associated DUB USP14. In
addition, OTUD2 and OTUD3 show remarkable link-
age-specific reactivity with our diubiquitin-based
reagents.

INTRODUCTION

Ubiquitin (Ub), a 76 amino acid post-translational modifier, is

at the center of a large number of cellular processes. Target

proteins can be covalently modified with Ub on either a lysine

residue on the protein surface or on the N terminus. First, Ub

is activated by an E1 enzyme, forming a thioester bond via

its C-terminal carboxylate. Ub is then transferred onto an E2

enzyme, which in conjunction with an E3 enzyme can ubiqui-
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tylate a target protein. Ub can also be coupled to another Ub

molecule via any of its seven lysine residues or its N terminus

to yield Ub chains. Specific combinations of E2 and E3 en-

zymes dictate substrate specificity and the formation of spe-

cifically linked Ub chains (Hershko and Ciechanover, 1998;

Hicke et al., 2005; Komander and Rape, 2012; Ye and Rape,

2009). The different linkage types and varying chain lengths

determine the transduction of Ub signals through recognition

by specific Ub-binding domains in proteins. Deubiquitylating

enzymes (DUBs) can reverse ubiquitylation by cleaving the

(iso)-peptide bond between the C-terminal carboxylate of Ub

and the substrate. Therefore, the ubiquitylation state of a given

protein is a delicate balance of ubiquitylation and deubiquityla-

tion events. Approximately 100 human DUBs are known so far,

and some DUBs have been shown to exhibit linkage and sub-

strate specificity in the deubiquitylation reaction (Clague et al.,

2013; Faesen et al., 2011; Komander et al., 2009; Mevissen

et al., 2013).

DUBs can have several modes of action, depending on

the type of binding surfaces they contain. Some DUBs can

completely disassemble Ub chains, whereas others may be

involved in chain editing, in which a chain is partially trimmed

before it is modified with a differently linked Ub chain, to form

heterotypic chains. These types of DUBs cleave between subse-

quent Ub modules in a chain and have specific Ub-binding

pockets on opposing sides of the active site; one that binds

the Ub moiety preceding (S1) and one following (S10) the scissile

bond (Figure 1A). Other DUBs can cleave monoUb (mUb) or Ub

chains from protein substrates. These DUBs have an S1 site

where the Ub most proximal to the substrate attachment site

would bind, but lack an S10 Ub-binding pocket (Figure 1B).

Instead these DUBs may have a specific S10 substrate-binding
pocket. An S2 or even S3 site preceding the S1 Ub-binding

pocket may accommodate more distal Ub modules of a chain

to enhance specificity further. In addition, it is possible that

DUBs that contain an S10 Ub-binding pocket also contain S2

or even S3 sites. Since DUBs can bind Ub chains utilizing any

of these binding pockets, defined tools targeting these different

sites are needed to examine chain recognition and cleavage

specificity.
thors
commons.org/licenses/by/4.0/).
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Figure 1. Substrate Specificity Is Controlled

by Binding Pockets in DUBs

The specificity of DUBs for differently linked Ub

chains and ubiquitylated substrates is governed by

specific binding pockets.

(A) Overview of different pockets that may govern

specificity in polyUb chain recognition and pro-

cessing.

(B) Overview of binding pockets thatmay play a role

in recognition and processing of (poly)ubiquitylated

substrates.

(C) Tools to study the binding and processing

of DUBs using the various Ub-binding sites. I,

mUb probe/substrate, targeting the S1 pocket; II,

isopeptide warhead-containing diUb probes or

differently linked diUb substrates, to study S1-

S10 pockets; III, C-terminally reactive diUb-based

probes/substrates, targeting S1-S2 pockets, as

described in this article. When discussing free Ub

chains or diUbs, the most C-terminal Ub in a chain

is referred to as proximal and the most N-terminal

Ub as distal. The active site reactive element/

reporter molecule is depicted as a red triangle.
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Ub-based active site-directed probes have aided the under-

standing of hydrolytic activity in the Ub system significantly.

First-generation probes targeting DUBs were based on a single

Ub moiety (Figure 1C-I), relying exclusively on S1 interaction.

These probes were instrumental in the identification of many

DUBs (Borodovsky et al., 2001, 2002; de Jong et al., 2012; Ekke-

bus et al., 2013; Hemelaar et al., 2004; Lam et al., 1997; Ovaa,

2007). Second-generation probes based on diUb were devel-

oped, which targeted S1-S10 Ub-binding sites (Iphoefer et al.,

2012; Li et al., 2014;McGouran et al., 2013). The probe repertoire

has expanded greatly by the introduction of total chemical syn-

thesis of Ub-based reagents (El Oualid et al., 2010). Using this

method, more complex diUb-based probes and Ub-based

probes bearing substrate context were developed (Haj-Yahya

et al., 2014; Kumar et al., 2010; Mulder et al., 2014). For example,

diUb probes bearing an electrophilic group between two linked

Ub modules (Figure 1C-II) can covalently trap DUBs that bind

Ub in an S1-S10-directed fashion (McGouran et al., 2013; Mulder

et al., 2014). Although Ub (chain)-based active site-directed

probes and activity reagents have proven excellent tools to

both identify and characterize DUB activity and specificity for

S1-S10 cleavage, reagents designed to study S1-S2 site binding

and cleavage at the proximal end of a diUb module have been

lacking so far. Although it is currently not known whether DUBs

can specifically recognizemultiple Ub elements to cleave a chain

off a substrate at the proximal end, for some human and viral

DUBs a specific S2 site has been proposed (Békés et al.,

2015; Mevissen et al., 2013; Ratia et al., 2014; Reyes-Turcu

et al., 2008; Ye et al., 2011). Previously, a non-hydrolyzable linear

diUb-aldehyde probe, based on a bacterially expressed intein

construct, was used to demonstrate an S2 site in USP21 (Ye

et al., 2011). However, non-hydrolyzable isosteres of isopep-

tide-linked diUb molecules cannot be expressed directly, and
Cell Chemi
therefore we sought to develop such

probes using chemical synthesis. Here,

we report the development of such diUb
probes with a reactive group at the C terminus (Figure 1C-III),

as well as fluorogenic diUb substrates to study the proposed

S1-S2 binding sites on DUBs in lysates and on purified recom-

binant DUBs.

RESULTS

DiUb Activity-Based Probe and diUb-AMC Substrate
Synthesis
To identify and study DUBs with both S1 and S2 Ub-binding

pockets, we designed a set of non-hydrolyzable diUb-based

active site-directed probes that carry a reactive group

(warhead) at the C terminus of the proximal Ub moiety (Fig-

ure 1C-III). We decided to use a propargylamide (PA) warhead

as it was found to be an excellent warhead to target DUBs

(Ekkebus et al., 2013). It provides the broadest reactivity of

all Ub-based probes that have been generated so far, and

has little reactivity toward enzymes in the Ub conjugation sys-

tem. Moreover, the stability of the alkyne, commonly used in

bio-orthogonal cycloaddition reactions, allows for complex

synthetic strategies due to its relative inertness compared

with other frequently used warheads. The individual Ub mole-

cules are coupled via a non-hydrolyzable triazole linkage as a

peptide bond isostere, preventing unwanted proteolytic cleav-

age between the two Ub moieties. The triazole linkage, formed

by the copper-catalyzed alkyne-azide cycloaddition (CuAAC)

reaction between propargylamide and azido-ornithine, is a

good isostere of the native glycine-ε-lysine isopeptide bond

(Figure 2A). Previously, it was shown that triazole-based

polyUb chains and activity-based probes are well tolerated as

isopeptide mimics (Dresselhaus et al., 2013; McGouran et al.,

2013; Schneider et al., 2014; Weikart et al., 2012). To generate

these S1-S2 site-targeting probes, we used a solid-phase
cal Biology 23, 472–482, April 21, 2016 473
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ity-based probes 3.

(C) Schematic representation of the key CuAAC

reaction to generate non-hydrolyzable diUb activity
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peptide-synthesis-based protocol for the linear synthesis of

full-length Ub on a chlorotrityl resin (El Oualid et al., 2010).

We first cleaved the Ub1–75 precursor from the resin using

20% hexafluoroisopropanol (HFIP), which exposed the C-termi-

nal carboxylic acid. The C terminus was then activated and

coupled to PA followed by coupling of TAMRA to the N terminus

(see Supplemental Experimental Procedures). Subsequently,

the Ub molecule was globally deprotected with strong acid

and purified by reverse-phase high performance liquid chro-

matography (RP-HPLC) (Figure 2B; 1). Using a similar protocol,

the proximal Ub reaction partners, equipped with an azido-

ornithine mutation at any of the seven lysine positions were

synthesized as Ub1–74. After liberating the C terminus, the thio-

ester was introduced by coupling of methyl-3-(glycylthio)-propi-

onate. Global deprotection and RP-HPLC purification yielded

the thioester precursors (Figure 2B; 2a–g). The alkyne and azide

precursors were coupled in a CuAAC reaction, and subse-

quently the C-terminal thioesters were converted into the

desired PA probe by direct substitution using propargylamine.

RP-HPLC purification and size-exclusion chromatography

(SEC) were conducted yielding seven TAMRA-diUb-PA probes

(Figure 2A; 3a-g).

In addition to covalently binding diUb-based PA probes,

diUb-fluorogenic substrates were designed to enable further

validation of the results obtained with the covalent probes.

Ub-7-amido-4-methylcoumarin (Ub-AMC) has been used widely

to determine DUB activity (Dang et al., 1998) and allows the
474 Cell Chemical Biology 23, 472–482, April 21, 2016
determination of kinetic parameters of

enzymatic turnover by DUBs. AMC cleav-

age from Ub liberates fluorescence,

and this is therefore a direct measure for

DUB activity. DiUb-AMC substrates were

generated by equipping the distal Ub

molecule with a C-terminal PA moiety

throughHFIP-mediated local deprotection

followed by coupling of propargylamine,

global deprotection, and RP-HPLC purifi-

cation (Figure 2C; 4). The proximal Ubmoi-

ety carrying an azido-ornithine mutation

at any of the seven desired positions

was prepared as Ub1–75 and coupled to

glycyl-AMC after HFIP treatment. After

strong acid treatment and purification,

we obtained the desired series of azide

precursors (Figure 2C; 5a–g). In a CuAAC

reaction, the two Ub synthons were

coupled and RP-HPLC followed by SEC
yielded the complete panel of seven non-hydrolyzable diUb-

AMC substrates (Figure 2C; 6a–g).

Profiling Enzymes Modified with TAMRA-Labeled diUb
Probes in EL4 Cell Lysates
To determine whether the diUb-PA probes can react in a linkage-

specific manner, we labeled DUBs present in EL4 mouse

lymphoma cell lysates. We showed previously that the mUb-

PA probe reacts with a large set of DUBs present in these cells

(Ekkebus et al., 2013). In our initial experiment, we compared

TAMRA-labeled mUb-PA, and K6-, K11-, and K48- triazole-

linked diUb-PA probes to see if differences in specificity could

be observed. The K48 linkage has been studied extensively

and is involved mainly in proteasomal degradation (Hershko

and Ciechanover, 1998). The importance of K11 linkages in

mitosis has only recently become clear (Jin et al., 2008), whereas

not much is known about the physiological role of K6 linkages.

EL4 lysates were incubated with the diUb-PA probes for

30 min at 10 mM and 1 mM (Figure 3A). As expected, bands

observed in the diUb-probe-treated lysates (lanes 2–4 and

lanes 6–8) run higher than in the mUb-probe-treated lane. At a

(di)Ub probe concentration of 10 mM (lanes 1–4), differences

between band intensities were minimal, likely because DUBs

have already reacted fully. However, some differences were

observed in the region containing higher molecular weight

DUBs (�120–200 kDa) as seen in the magnification of this

area (inset, lanes 1–4). In lysates treated with 1 mM probe
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Figure 3. Differential Labeling of DUBs in

Lysate with Non-hydrolyzable Probes Tar-

geting S1-S2 Sites

(A) EL4 lysate was incubated for 30 min with 10 mM

(lanes 1–4) or 1 mM (lanes 5–8) TAMRA-labeled

mUb (m), K6-, K11-, or K48-linked diUb probes,

and analyzed by SDS-PAGE. The inset shows a

magnification of the 120–200 kDa area of the left

panel. Approximate molecular weight is indicated

in kDa. The identity of the major bands containing

DUBs bound to TAMRA-labeled mUb-PA is indi-

cated and was inferred from previous experiments

(Borodovsky et al., 2002; Ekkebus et al., 2013).

(B) EL4 lysate was incubated with the indicated

5 mM TAMRA-labeled diUb probes. Samples were

taken at specific time points over a 30-min time

period. The part of the gel representing USP14 is

displayed. For full details, see Figure S1A.

(C) EL4 lysate was incubated with 3.4 mM TAMRA-

labeled mUb-PA or the seven differently linked

diUb-PA probes. The top panel shows the fluo-

rescence scan and the bottom panel shows a

western blot for USP14 of the same gel. For full gel,

see Figure S1B.

(D) 0.25 mM TAMRA-labeled K6-, K11-, K33-, and

K63-linked diUb probes was incubated for 30 min

with 40 nM purified USP14 in the presence of 26S

proteasome. Samples were taken at indicated

times for analysis. USP14 bound to the TAMRA-

labeled mUb (USP14-m) or diUb probe (USP14-d)

is indicated. f-Ub2-PA indicates the unbound fluo-

rescent diUb probe.

*Depending on type of gel and running buffer, some

linkages may run at different apparent molecular

sizes or display two bands.
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concentration, differences become more pronounced (lanes

5–8), which suggests that distinct DUBs specifically bind and

react with differently linked diUb molecules in S1-S2 pockets.

Based on the apparent size on gel and western blot analysis,

USP14 appeared to be one of the most notable DUBs to display

differential reactivity (Figure 3A). Due to different reaction ki-

netics, differences in specific reactivity for some DUBs may

not be fully apparent. Therefore, we repeated this experiment

with all seven differently linked diUb probes and took samples

at different time points to follow the reactivity of fast-reacting

DUBs. However, for some DUBs, kinetic differences cannot be

observed as they react too fast under these conditions (Fig-

ure S1A). Since USP14 could be easily identified, we show the

reaction of USP14 with the different TAMRA-labeled Ub probes

in Figure 3B (full details in Figure S1A). USP14 appears to have a

preference for reacting with K11, K33, and K48 diUb probes. To

verify that USP14 reacted with our probes, we incubated all

TAMRA-labeled (di)Ub probes with lysates for 40 min and per-

formed a western blot (Figure 3C, bottom panel). We could

show that USP14 indeed reacts with mUb-PA as well as with

the diUb-PA probes to variable degrees. Next, we used the

TAMRA-labeled diUb-PA probes on purified recombinant

USP14 to confirm the results from labeling in lysates. We incu-

bated USP14 in the presence of 26S proteasome, as this is

needed for its activation, with K6-, K11-, K33-, and K63-linked

diUb-PA probes for the indicated times (Figure 3D). It is clear

that the K11-linked diUb probes (lanes 4–6) and the K33-linked
diUb probes (lanes 7–9) react much faster than the K6-linked

diUb probes (lanes 1–3) and the K63-linked diUb probes (lanes

10–12), similar to the reaction rates observed in lysates. Prefer-

ably, we would use our diUb-AMC substrates to do kinetic

measurements, but since USP14 is incubated in the presence

of 26S proteasome, this obscures the results. The proteasome

contains the metallo-DUB RPN11, as well as other Ub-binding

proteins, and these interfere with proper kinetic experiments.

Therefore, we decided to confirm our S1-S2 diUb probes using

other recombinant DUBs in vitro.

S1-S2 Site-Targeting diUb Probes and Substrates
Reveal New Insights into OTUD2 Linkage Specificity
We decided to focus on OTUD2, also known as Yod1, a member

of the OTU DUB family, to validate these S1-S2 site-targeting

probes. We recently showed that this DUB contains an S2

site in addition to an S1 and S10 site (Mevissen et al., 2013).

We incubated OTUD2 with TAMRA-labeled mUb-PA or diUb-

PA probes and followed modification of the enzyme over time.

Figure 4A shows that OTUD2 preferentially reacts with the

K11-linked diUb probe (lanes 9–12), and to a lesser degree,

with the K33-linked diUb probe (lanes 21–24). A higher molecular

weight TAMRA-labeled adduct, the expected size of OTUD2

coupled to the diUb-PA probe, is formed over time, whereas

the OTUD2 enzyme disappears as expected (lower panel, Fig-

ures 4A and S2). Fluorescent bands were quantified and plotted

in Figure 4B. The data were fitted using a one-phase association
Cell Chemical Biology 23, 472–482, April 21, 2016 475
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Figure 4. Non-hydrolyzable diUb Probes

Reveal the Specificity of OTUD2 for K11

and K33 Ub Linkages

(A) 0.2 mM OTUD2 was incubated with 2 mM

TAMRA-labeled mUb-PA or diUb-PA probes for

indicated times and analyzed by SDS-PAGE. The

gel was stained with SYPRO orange (Figure S2A) to

visualize unmodified OTUD2 (lower panel).

(B) Fluorescent bands containing covalently modi-

fied OTUD2 from (A) were quantified, plotted as

arbitrary fluorescent units (AFU), and fitted using

pseudo-first-order one-phase association kinetics.

(C) 0.1 mM OTUD2 was incubated with mUb (m)

and diUb probes for 5 min at 1 mM. OTUD2 coupled

to TAMRA-labeled mUb-PA (m) or diUb-PA (d) is

indicated. f-Ub(2)-PA indicates the unbound fluo-

rescent (di)Ub probe.

(D) 15 nM OTUD2 was incubated with 2.5 mM

(di)Ub-AMC substrate, and fluorescence was

measured over time.

(E) OTUD2 was incubated with various concentra-

tions of (di)Ub-AMC (Figure S3) as in (D) and initial

reaction rates (VI) were calculated to generate the

Michaelis-Menten plot.

(F) Structure of the inactive OTUD2 catalytic

domain (aa 132–314, C160A) in complex with K11-

linked diUb bound in S1-S2 sites (Mevissen et al.,

2013). The Lys11 and Lys33 side chains are not

resolved in the electron density maps and were

modeled as likely rotamers.

(G) Close-up image of the S1-S2 Ub linker region.

The last resolved residue of the S2 site Ub C ter-

minus (Leu71) is in close proximity to the Lys11 and

Lys33 residues in the Ub moiety bound to the S1

site, suggesting that a K33 linkage might bind

similar to the K11 linkage present in this complex.

Error bars represent the SD of the mean based on

duplicate measurements.
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curve. With a t1/2 of 3.5 min, the K11-linked diUb probe reacts

faster than the K33-linked diUb probe with a t1/2 of 8.5 min,

and significantly faster than any of the other linkages with a t1/2
of 59 min or higher. The experiment was repeated with 0.1 mM

OTUD2 and with the different Ub probes at a concentration of

1 mM for 5 min for direct side-by-side comparison (Figure 4C).

Clearly, OTUD2 reacts much faster with the K11-linked diUb

probe than with the K33-linked diUb probe (lane 3 versus lane

6), whereas the others show no or very limited reactivity.

To further validate the specificity of our reagents targeting

S1-S2 sites, we used diUb-AMC reagents 6a–g (Figure 2B) to

establish a kinetic assay to analyze DUB-mediated cleavage at

the proximal end of S1-S2 bound diUb substrates. To determine

whether specificity could be observed for these substrates,
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15 nM OTUD2 was incubated with

2.5 mM mUb-AMC or diUb-AMC, and the

increase in fluorescence, due to cleavage

of AMC, was measured over time. Fig-

ure 4D shows that OTUD2 activity toward

K11-linked diUb substrate is higher than

toward K33-linked diUb substrate. The

other substrates are not processed or pro-

cessed to a much lesser extent. Next, we
incubated OTUD2 with different substrate concentrations and

determined initial reaction rates to generate a Michaelis-Menten

curve (Figures 4E and S3). The KM for the K11 diUb-AMC sub-

strate was �20 mM, whereas the KM for K33 diUb-AMC was

�100 mM. The KM for mUb-AMC could not be measured and

was likely much higher than 100 mM. Apparently, increased affin-

ity plays a role in conferring specificity for the K11 and K33 Ub

linkages by OTUD2. Unfortunately, we could not obtain proper

Vmax values for K33-linked diUb-AMC and mUb-AMC since we

could only measure the turnover rate at concentrations up to

20 mM. The covalent diUb-PA probes and diUb-AMC substrate

experiments confirm the preference of OTUD2 for K11-linked

diUb and identify a new preference in OTUD2 for longer K33-

linked chains that could not have been detected in diUb-based
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activity assays previously. These findings can be reconciled

from available OTUD2 structures, in particular from a structure

of OTUD2 bound to K11-linked diUb, in which Ub moieties

interact with S1 and S2 sites of the enzyme (Figure 4F). In

this structure, the C terminus of the Ub bound at the S2 site

of the enzyme is linked to K11 of the Ub at the S1 site of the

enzyme. Importantly, the K11 and K33 residues of the S1-

bound Ub are in close proximity (Figure 4G), and it is feasible

that a K33-linked diUb molecule would be positioned similarly

on OTUD2. This suggests that also K33-linked chains could

utilize the OTUD2 S1 and S2 sites for preferential hydrolysis

of longer K33-linked chains.

The observed specificity for K11- and K33-linked diUb probes

due to engagement of S1-S2 sites on OTUD2 contrasts with the

specificity of OTUD2 in a diUb cleavage assay where Ub binding

is governed by the S1 and S10 pockets. OTUD2 cleaves K11-,

K27-, K29-, K33- and to some extent K48-linked diUb, whereas

the isolated OTU domain of OTUD2, which lacks the UBX-like

and zinc finger domain (ZNF) domain, was shown to have a clear

preference for K11-linked diUb (Mevissen et al., 2013). The main

determinant for the broader preference of full-length OTUD2 in

the diUb cleavage assay was the ZNF domain. To further under-

stand the specificity of the catalytic OTU domain for K11 link-

ages, we tested the OTUD2 construct lacking both domains to

determine if specificity is solely controlled by the S1 and S2 sites

within the OTU domain. We refer to this construct, consisting of

amino acids 147–314, as OTUD2 OTU. We first incubated

OTUD2 OTU with mUb-, K11 diUb-, and K48 diUb-PA probes

and followed the modification of the enzyme over time (Fig-

ure 5A). We observed that OTUD2 OTU reacts much faster

with the K11 diUb probe (lanes 5–8) than with the mUb (lanes

1–4) or the K48 diUb probe (lanes 9–12). Next, we incubated

the mUb-PA probe and the full panel of diUb-PA probes with

OTUD2 OTU for 5 min. Figure 5B shows that OTUD2 OTU pref-

erentially reacts with the K11 diUb-PA probe (lane 3), although

some reactivity with the K33 probe is observed as well (lane 6).

The other diUb-PA probes showed no or very limited reactivity.

In addition, a (di)Ub-AMC assay was carried out to determine if

OTUD2 OTU can preferentially cleave specifically linked diUb-

AMC substrates. Here, we see a similar specificity for K11 and

K33 diUb linkages as we did with the PA probes (Figures S4A

and 5C). Both full-length OTUD2 and OTUD2 OTU display a

similar specificity, suggesting that S1-S2 binding is not affected

by the ZNF domain or the UBX-like domain. To confirm that our

probes indeed targeted the S1 and S2 sites in the OTU domain of

OTUD2, we used specific S1 and S2 site mutants (Figures 5F–

5H) that were previously shown to diminish processing of a

K11-linked trimer Ub chain (Mevissen et al., 2013). In addition,

we used the catalytically dead OTUD2 C160A construct to

show that probe binding to the enzyme does not occur randomly

but requires a functional active site. Different constructs at a

concentration of 0.1 mM were incubated with 1 mM TAMRA-

labeled K11-linked diUb-PA, and modification of the enzymes

was followed over time. Figure 5D shows that both the full-

length (FL) OTUD2 and the OTUD2 OTU construct show similar

activity with t1/2 of 5.3 and 6.8 min, respectively (Figure S2C).

In accordance with their modification with the diUb-PA probe,

unmodified OTUD2-FL and OTUD2 OTU disappear on the

gel (Figure S2B). In contrast, the S1 and the S2 mutant OTUD2
OTU constructs showed very little reactivity, and only after

60 min was a minor band observed. In addition, the C160A

construct did not show any labeling at all. Similar results were

obtained using the K11-linked diUb-AMC substrate. The

OTUD2-FL and the OTUD2 OTU constructs process the sub-

strate much more efficiently than the S1 and S2 mutant

OTUD2 OTU constructs, whereas the C160A construct does

not show any activity at all (Figure 5E). These results clearly

show that our diUb reagents target the S1 and S2 sites on

OTUD2. Likely, OTUD2 utilizes all available Ub-binding pockets

(i.e., S2, S1, and S10) to increase specificity for K11- and K33-

linked polyUb chains.

An S2 Ub-Binding Site in the OTU Domain of OTUD3
Confers Specificity for K11 Linkages
OTUD3, another DUB of the OTU family that has remained

uncharacterized, was shown to contain an OTU domain that

preferentially hydrolyzed K6- and K11-linked diUb. The distinct

cleavage profiles of the isolated OTU domains of OTUD2 and

OTUD3 was striking, in particular since both were structurally

similar (Mevissen et al., 2013). However, the diUb cleavage

assay only determines specificity imposed by the S1-S10 Ub-
binding pockets and cannot inform on potential S2 Ub-binding

sites. Whether OTUD3, like OTUD2, also prefers longer sub-

strates that occupy the S1 and a putative S2 site is unknown.

Therefore, we incubated OTUD3 with the different TAMRA-

labeled (di)Ub-PA probes. In our initial experiment, we compared

reaction kinetics of mUb-PA, K11-, and K27-linked diUb-PA

probes. Figure 6A shows that OTUD3 preferentially reacts with

the K11-linked diUb probe (lanes 5–8), and that the reaction

with the K27-linked diUb probe proceeds much slower (lanes

9–12). To further characterize the linkage specificity, the experi-

ment was repeated with all (di)Ub probes under similar condi-

tions to compare all linkages side by side. Figure 6B shows

that OTUD3 preferentially reacts with the K11-linked diUb-PA

probe (lane 4), although some reactivity of OTUD3 with the

K27-linked diUb probe is observed as well (lane 5). The other

diUb-PA probes did not show any or very limited reactivity.

Interestingly, this also applies to the K6-linked diUb-PA probe,

despite the preference of the enzyme for K6-linked diUb in

cleavage assays.

Experiments were carried out with (di)Ub-AMC substrates to

further examine the specificity of OTUD3 for the S1-S2 site

probes. OTUD3 (15 nM) was incubated with 2.5 mM substrates.

We observe that K11-linked diUb-AMC is preferentially cleaved

over all other linkages (Figure 6C). Interestingly, in this experi-

ment, K27-linked diUb-AMC does not appear to be cleaved

very effectively compared with Figures 6A and 6B. Possibly,

this is due to the different substrate concentrations used in these

experiments. To determine kinetic parameters for the reaction,

we incubated OTUD3 with different substrate concentrations

and determined the initial reaction rates, from which a Michae-

lis-Menten curve could be generated (Figures 6D and S6A).

From these experiments, it is evident that K11-linked diUb is

the preferred substrate for OTUD3. The KM for K11-linked

diUb-AMC is 3.7 mM, which is similar to the KM of mUb-AMC

(3.1 mM) and K27-linked diUb-AMC (4.7 mM). Interestingly, the

observed K11 specificity is due to a difference in Vmax (Figures

6D and S6B). The Vmax for K11-linked diUb-AMC is 30.8 nM/min,
Cell Chemical Biology 23, 472–482, April 21, 2016 477
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Figure 5. Non-hydrolyzable diUb Probes

Specifically Target the S1-S2 Site of OTUD2

(A) The isolated OTU domain of OTUD2 (OTUD

OTU) at a concentration of 0.25 mM was incu-

bated with 2.5 mM TAMRA-labeled mUb (m),

K11-linked, or K48-linked diUb-PA probes for

indicated times.

(B) OTUD2 OTU was incubated with TAMRA-

labeled mUb-PA or the seven differently linked

diUb-PA probes as in (A) for 5 min. OTUD2

OTU coupled to TAMRA-labeled mUb-PA (m) or

diUb-PA (d) is indicated. f-Ub(2)-PA indicates the

unbound fluorescent (di)Ub probe.

(C) 15 nM OTUD2 OTU was incubated with

Ub-AMC or diUb-AMC substrates at different

indicated concentrations, and the increase in

fluorescence was measured over time (Fig-

ure S4A). The initial reaction rates (VI) were

calculated to generate the Michaelis-Menten

plot.

(D) 0.1 mM full-length (FL) OTUD2 or isolated

OTU domains of WT OTUD2 (aa 147–314),

an S1 site mutant (aa 147–314, AI200-201DD), an

S2 site mutant (aa 147–314, I292Q, V295Q),

and the catalytically inactive C160A mutant

were incubated with 1 mM TAMRA-labeled

K11-linked diUb-PA probes. Samples were

taken at indicated time points for SDS-PAGE

and subsequent fluorescence scanning. All

panels were scanned and processed similarly

except panel II, which was scanned separately.

See Figure S2B for full SYPRO orange stained

gels.

(E) 15 nM of the OTUD2 variants mentioned in

(D) were incubated with various concentrations

of K11-linked diUb-AMC substrate. The increase

in fluorescence was measured over time (Fig-

ure S4B). The initial reaction rates (VI) were

calculated to generate the Michaelis-Menten

plot.

(F) Complex structure of OTUD2 and K11-linked

diUb as in Figure 4F (Mevissen et al., 2013).

(G) Close-up of the S1 site interface. Residues Ala200 and Ile201 were mutated in the OTUD2 OTU MutS1 construct.

(H) Close-up image of the S2 site interface. The residues Ile292 and Val295 that interact with the Ub Ile44 patch were substituted in the OTUD2 OTU

MutS2 mutant.

Error bars represent the SD of the mean based on duplicate measurements.
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whereas the Vmax for K27-linked diUb-AMC and the mUb-AMC

are 3.6 and 1.4 nM/min, respectively. This also explains the dif-

ferences observed between Figures 6A and 6C, where 1 mM

versus 2.5 mM substrate was used, respectively. Also in the

diUb-AMC assay, the K6 linkage was not hydrolyzed by

OTUD3 (Figures 6C and 6D). Together, this suggests that the

linkage preference of OTUD3 is multi-layered; the S1-S10 sites
impose a preference for K6 and K11 linkages, and the addi-

tional S2 site sharpens this preference to target longer K11-

linked Ub chains. If the S2 site on OTUD3 contributes to

increased K11 specificity, this should be visible when longer

polyUb substrates are used. Indeed, when OTUD3 was incu-

bated with K6- and K11-linked di-, tri-, and tetraUb, clear dif-

ferences in chain hydrolysis were observed for the cleavage of

longer (n > 2) Ub chains (Figure 6E). While longer K6-linked

chains were hydrolyzed independently of their length, K11-

linked tri- and tetraUb was hydrolyzed significantly faster.

The slower kinetics for K11-linked diUb likely arises from loss
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of the S2 site contribution but could also be due to alternating

binding of K11 diUb to sites on OTUD3, where the diUb can

bind either productively to S1-S10 or non-productively to

S1-S2 sites. A direct comparison between S1-S2-mediated

diUb-AMC hydrolysis and the S1-S10-mediated diUb cleavage

shows that the S1-S2-mediated reaction proceeds at least

30-fold faster (Figure S5), which could perhaps explain the

slow diUb hydrolysis. However, for the structurally similar

OTUD2, non-productive binding to S1-S2 does not signifi-

cantly inhibit diUb hydrolysis in S1-S10 as the wild-type

OTUD2 and the S2 site mutant of OTUD2 show similar diUb

cleavage kinetics (Mevissen et al., 2013). Although OTUD2

and OTUD3 are structurally similar in their OTU domain (Fig-

ures 6F–6H), they do display differences in specificity, espe-

cially for K33-linked diUb, and in their mechanism of activation.

For OTUD2, the main determinant for S1-S2 site specificity

appears to be affinity, whereas for OTUD3 specificity appears

to be driven by an increase in Vmax of the reaction.
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Figure 6. OTUD3 Displays K11 Linkage

Specificity Using S1-S2 Site Probes and Sub-

strates

(A) 0.15 mM OTUD3 was incubated with 1 mM

TAMRA-labeled mUb-PA, K11-linked diUb-PA, or

K27-linked diUb-PA probes for indicated times,

and analyzed by SDS-PAGE and fluorescence

scanning.

(B) OTUD3 was incubated with buffer (�), TAMRA-

labeled mUb-PA (m), or the seven differently linked

diUb-PA probes for 4 min at similar concentra-

tions as in (A). Unmodified OTUD3 was visualized

by SYPRO orange staining (Figure S5). OTUD3

coupled to mUb-PA (m) or diUb-PA (d) is indicated.

f-Ub(2)-PA indicates the unbound fluorescent (di)Ub

probe.

(C) 15 nM OTUD3 was incubated with the different

(di)Ub-AMCsubstrates at a concentration of 2.5 mM,

and activity was measured over time.

(D) OTUD3 OTU was incubated with various con-

centrations of (di)Ub-AMC (Figure S6A) as in (C) and

initial reaction rates (VI) were calculated to generate

the Michaelis-Menten plot.

(E) In vitro polyUb cleavage assay. OTUD3

OTU domain (aa 52–209) was incubated with

K6- and K11-linked diUb (top panel), triUb (middle

panel), and tetraUb (bottom panel). Assays were

performed at indicated enzyme concentrations.

Samples were taken at indicated times for analysis

by SDS-PAGE and silver staining. M, marker.

(F–H) Structures of the (F) OTUD2 OTU domain

from the K11 diUb complex shown in Figure 4F, (G)

the OTUD3 OTU domain (Mevissen et al., 2013),

and (H) superposition of both structures. The po-

sition of a diUb molecule bound in S1-S2 sites is

shown in (F) and (G). The C-terminal helix in OTUD2

and the structurally equivalent N-terminal helix in

OTUD3 are indicated.

Error bars represent the SD of the mean based on

duplicate measurements.
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DISCUSSION

Different combinations of E2 and E3 enzymes have been shown

to generate specifically linked Ub chains, as either homotypic

(linked via the same lysine residue of each Ub) or heterotypic

chains (in which single chains contain multiple linkage types

forming mixed and branched structures). It is likely, given the

complexity of chains and the large amount of known DUBs

(�100), that specificity for disassembly of chains is also com-

mon. For some DUBs, specificity toward certain linkage types

has been shown (Békés et al., 2015; Mevissen et al., 2013; Ratia

et al., 2014; Ritorto et al., 2014), while other DUBs lacked spec-

ificity (Faesen et al., 2011). However, such specificity wasmostly

assayed by monitoring cleavage of diUb, which only reports on

Ub-binding sites on either side of the active site of the DUB,

i.e., S1-S10 sites (Figure 1). Importantly, many DUBs contain

additional Ub-binding domains, which could potentially act as

S2, S3 sites, or alternatively as S20, S30 sites. Experimentally veri-

fied S2/S3 sites exist in USP5 (Reyes-Turcu et al., 2008) and

OTUD2 as we have shown previously (Mevissen et al., 2013).

Here, we use new tools to experimentally reveal S2 sites in

DUBs and show how these S2 sites sharpen substrate prefer-
ence in OTU enzymes. Our diUb-PA probes, designed to bind

DUBs in the S1 and S2 pockets, show a clear specificity of

OTUD2 for K11-linked diUb-PA probes (Figure 4) and to a lesser

extent for K33. Previously, this K33 selectivity could not be

demonstrated as K33-linked polyUb chains were not available

until recently (Kristariyanto et al., 2015; Michel et al., 2015).

The diUb-AMC substrates we developed also show similar

selectivity for K11- and K33-linked diUb, and enable direct

quantitative measurements of the impact of S2-mediated chain

hydrolysis. Furthermore, we show that our probes indeed bind

the S1 and S2 sites on OTUD2, since mutations in these sites

diminished activity toward the K11-linked diUb probes (Figure 5).

Hence, the addition of an S2 Ub-binding pocket refines the

specificity profile of OTUD2 to target longer K11- and K33-linked

Ub chains. Previously, we showed that OTUD2 processes K11-

linked polymers much faster than K11-linked diUb, and that this

depends on a functional S2 Ub-binding site (Mevissen et al.,

2013).

OTUD2 contains a K11-specific OTU domain, and the broader

preference (K11, K27, K29, K33) of the full-length enzyme in the

diUb cleavage assay appeared to be due to the presence of a

C-terminal zinc finger (ZNF) domain (Mevissen et al., 2013).
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Here, we show that both full-length OTUD2 and the isolated OTU

domain of OTUD2 display similar specificity (Figures 4 and 5),

suggesting that neither the ZNF domain nor the UBX-like domain

in OTUD2 interfere with S1-S2 site specificity. Likely, the S1-S2

sites are a main determinant for conferring linkage specificity.

The role of the ZNF domain remains unclear; we could not detect

an interaction with Ub in nuclear magnetic resonance analysis

(Mevissen et al., 2013), but it is possible that it binds protein sub-

strates. The UBX-like domain of OTUD2 binds AAA+ ATPase

p97, an important Ub-dependent regulator of protein homeo-

stasis (Ernst et al., 2009). The deletion of the ZNF domain in cata-

lytically inactive OTUD2 C160S rescued the degradation of an

ER-associated degradation substrate (Ernst et al., 2009), which

suggests that the ZNF domain is indeed recruiting proteins to

p97. In in vitro diUb cleavage experiments, where such putative

binding partners are not present, the ZNF domain may there-

fore compromise specificity when probing the S1-S10 site. Our

previous data combined with the results presented here suggest

that OTUD2 is specific for K11-linked chains, and to a lesser

extent for K33, and that OTUD2 utilizes S2, S1, and S10 Ub-
binding pockets to govern specificity. Intriguingly, we have

just described an HECT E3 ligase, AREL1, which generates

K11- and K33-linked polyUb preferentially (Michel et al., 2015).

It will be interesting to see if there is a mechanistic or functional

connection between these findings.

For OTUD3, we uncover a new aspect of specificity for K11

linkages involving a previously unnoticed S2 site. Previously,

OTUD3 was shown to preferentially cleave K6- and K11-linked

diUb (Mevissen et al., 2013). We did not observe any reactivity

toward K6 diUb; however, the K11 specificity previously found

for OTUD3 could be confirmed with our S1-S2 site probes.

This suggest that OTUD3 utilizes S2-S1-S10 binding to confer

specificity for polyUb chains linked through K11. Interestingly,

our S1-S2 site probes do not show reactivity with the K6 link-

age, although a K6-linked diUb that binds in S1-S10 can be

cleaved. An intriguing possibility is that OTUD3 combines

the S1-S2 site specificity for the K11 linkage with the S1-S10

site specificity for the K6 linkage to recognize and process

heterotypically linked K6-K11 chains. Whether this is indeed

the case needs to be examined further, yet it does stress

the importance of using different types of probes that target

S1-S10 and S1-S2 sites to study DUB specificity for polyUb

chains.

Structures of OTUD2 are consistent with a K11-specific S2

binding site, and reveal why a K33-linked probe could interact

with OTUD2 (Figures 4F and 4G). Interestingly, an analogous

binding site could exist in OTUD3, where a similarly placed helix

could form the S2 site (Figures 6F–6H). This could lead to a

similar recognition of K11-linked diUb in both enzymes, explain-

ing their K11-specific S2 site. However, only OTUD2 cross-

reacts with K33-diUb probes, suggesting that the Ub-binding

mode in OTUD3 is different enough that this cross-reactivity is

no longer present. A further interesting finding relates to the

kinetic parameters obtained with diUb-AMC reagents, which

show an increase in Vmax, rather than KM, and suggest that

diUb binding may reorganize and optimize the catalytic center

of OTUD3. Future structural studies, for which the diUb probes

reported here will be instrumental, may reveal the molecular

basis for this curious kinetic behavior.
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Another reason these probes are important in our understand-

ing of Ub chain binding to DUBs, is that DUBs containing S2, S1,

and S10 sites could potentially bind diUb modules in any of these

sites. When looking at a single type of probe, either targeting

S1-S2 or S1-S10, this may obscure the results; for example,

non-productive binding of a diUb to S1-S2 may inhibit the cleav-

age of diUb in the S1-S10 site. For OTUD2 and OTUD3, it is likely

that the S1-S2 sites are the main determinants for polyUb bind-

ing and cleavage. We observed that reaction rates for S1-S2-

mediated diUb-AMC hydrolysis by OTUD2 (Figures 4D and 4E)

are much higher than the rate of diUb cleavage (Mevissen

et al., 2013). For OTUD3, we directly compared rates of S1-S2-

mediated diUb-AMC hydrolysis and S1-S10-mediated diUb

cleavage, which showed a difference in half-time of at least

30-fold between diUb-AMC versus TAMRA-labeled diUb hydro-

lysis (Figure S5). In these cases, it is unlikely that the transient

binding in S1-S10 causes a significant inhibition of S1-S2 binding.
On the other hand, the OTUD2 S2 mutant did not show a signif-

icant change in diUb cleavage rates, which suggests that non-

productive binding to S1-S2 also does not significantly inhibit

S1-S10 hydrolysis. Perhaps the general slow hydrolysis of diUb

is an intrinsic property of DUBs targeting polyUb chains. For

DUBs containing multiple Ub-binding sites, it is necessary to

use different types of probes to study these sites, especially if

the sites display large differences in affinity. We conclude that

our probes are reagents suitable for targeting the S1-S2 sites

of DUBs and will become valuable reagents to study the different

Ub-binding sites in DUBs. In addition, the covalent probes may

also be a great tool in structural studies for understanding

the mechanistics of polyUb recognition and processing. It is

conceivable that DUBs that have so far been described as

non-specific in assays mainly targeting S1-S10 sites may in fact

display specificity with these S1-S2 site probes. Specificity for

polyUb is likely conferred by the binding of multiple Ub moieties

in a chain to multiple Ub-binding pockets on a DUB.

The identification of additional Ub-binding sites on DUBs is of

physiological relevance, as it suggests that different targeting

mechanisms are in operation. DUBs can target ubiquitylated

proteins to remove mUb or polyUb chains from them, or may

target Ub chains for trimming or complete disassembly. DUBs

containing additional Ub-binding sites, such as S2 sites, could

act as de-branching enzymes to simplify randomly generated

heterotypic polyUb chains. Such activity may exist for example

in OTUD3, which may bind via its OTU domain to K6 linkages

that are extended by a K11 linkage on the distal Ub. Currently,

we lack much understanding of these undoubtedly highly impor-

tant intricacies of the Ub system. To address these issues, a

combination of different Ub-based probes is essential to deter-

mine DUB linkage specificity, differentiate DUB action on spe-

cific targets, and to fully understand the contribution of DUBs

in remodeling the ubiquitome. The probes we have developed

here will serve as a crucial tool to contribute to breaking the

Ub code.

SIGNIFICANCE

Determining Ub linkage specificity of DUBs has previously

been done mainly using assays that only target the S1 and

S10 pockets adjacent to the active site. This hydrolysis is
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generally slow, and it has been shown that some DUBs

cleave polyUb chains at accelerated rates, suggesting addi-

tional Ub-binding pockets. For few DUBs, an S2 pocket pre-

ceding the S1 pocket is known. It is likely that more DUBs

contain such an S2 pocket but tools to assay this were not

available thus far. Our covalent probes or AMC substrates,

based on protease-resistant diUb modules, can specifically

target S1-S2 pockets on DUBs. Kinetic experiments can be

done using the substrates and will be instrumental in eluci-

dating the activation mechanism of DUBs in processing

polyUb chains. In addition, covalent probes can be used in

structural studies to corroborate these findings. We already

showed that specificities for S1-S2 pockets may differ from

the S1-S10 pockets, and thus these tools will be instrumental

in evaluating specificity for homotypic or heterotypic polyUb

chains.

EXPERIMENTAL PROCEDURES

TAMRA-Labeled Probe In Vitro Assays

For the assays with recombinant purified proteins, the enzymeswere diluted at

23 final concentration in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1 mg/ml

BSA, and 2 mM DTT. The (di)Ub-TAMRA propargylamide probes were diluted

at 23 final concentration in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl. For the

time course, equal volumes of enzyme and probe were mixed and incubated

while shaking at 30�C. At the indicated time points, 10 ml was taken and added

to a tubewith 5 ml of 43 Laemmli sample buffer (SB). For t = 0, 5 ml of the 23mix

of enzyme or probe was added to 5 ml of 43 SB directly. For the experiment,

in which all linkages were incubated at one time point, 5 ml of 23 probe and

23 enzyme were mixed, and the reaction was stopped by the addition of

5 ml of 43 SB. Samples were heated to 65�C, loaded onto a 4%–12%NuPage

Bis-Tris gel, and run in 2-(N-morpholino)ethanesulfonic acid (MES) buffer. Final

enzyme concentrations are indicated in the figure legends.

For the time course experiments in EL4 lysates (Figures S2A and 3), 90 ml of

lysate (60 3 106 cells/ml) was incubated with 90 ml of TAMRA-labeled (di)

Ub-PA probe (�10 mM). At each time point, 20 ml was taken and mixed with

10 ml of 43 SB. The samples were heated to 65�C, loaded on a 10-well 8%

Bold gel and run in 3-(N-morpholino)propanesulfonic acid buffer. Gel anal-

ysis was done on the ProXpress Imaging system (PerkinElmer) at Em/Ex of

550/590 nm. For Figures 4A, 4B, 5D, and S2C, bands were quantified using

Image Studio Lite (Licor Biosciences). Data were fitted using GraphPad Prism

6, and curves were forced to have the same plateau as the highest value found

(the K11 linkage), which represented maximal enzyme labeling.

Fluorogenic Substrate Conversion Assay

A stock solution of diUb-AMC substrate (K63-, K48-, K33-, K29-, K27-, K11-,

K6-linked) and monoUb-AMC as reference was diluted to 23 final concentra-

tion in assay buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl [pH 7.6], 1 mg/ml

3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate, 2 mM DTT,

and 0.5mg/ml bovine g-globulin). 10 ml of the respective substrates was added

to 10 ml of the 23 final concentration of DUB in assay buffer, incubated in a 384-

well assay plate (low volume, flat bottom, non-binding surface, black polysty-

rene, 3,820; Corning) and analyzed over time using a CLARIOstar (BMG Lab-

tech) spectrophotometer. The final DUBconcentrationwas 15 nM. Fluorescent

intensity was measured over time at Ex 360/20, Em 450/30. Duplicates were

measured and analyzed using GraphPad Prism software. Error bars represent

the SD. The initial reaction rates were calculated from the first 15min (when the

reaction is still linear) andwere plotted against diUb-AMCsubstrate concentra-

tion to obtain the Michaelis-Menten plot. Fluorescence intensity values were

correlated to concentration of converted substrate by comparing with a stan-

dard curve serial dilution of AMC/Ub-AMC (20/0 mMto 0/20 mM) in assay buffer.

Cell Lysate Preparation

EL4 mouse lymphoma cells were grown in DMEM supplemented with 10%

fetal calf serum. Cells were grown to �1 3 106 cells/ml and lysates were
prepared by taking the cells up in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl,

and 0.5% Triton X-100 at 60 3 106 cells/ml. Cells were sonicated for 10 min

using a 30-s off/on cycle. After sonication, samples were centrifuged at

21,000 3 g for 30 min, and the supernatant was used as the resulting cell

lysate. DTT was added to a final concentration of 2 mM.

In Vitro DUB Cleavage Assay

Qualitative in vitro DUB specificity assays of OTUD3 (Figure 6E) with

K6- and K11-linked di-, tri-, and tetraUb were performed as described pre-

viously (Hospenthal et al., 2015). In short, 23 concentrated ubiquitin stocks

(�10 mM di-,tri-, or tetraUb) were mixed with 23 concentrated stocks of

OTUD3 and incubated at 37�C. At indicated time points, samples were

taken for SDS-PAGE and silver staining. Samples were run on a 4%–12%

gradient gel in MES buffer. Final enzyme concentrations are indicated in

the figure.

Synthesis of Probes

The synthesis of ubiquitin-based probes is detailed in the Supplemental Infor-

mation. In short, Ub or Ub mutants were generated through linear peptide

synthesis. DiUb-based probes were made using a CuAAC-reaction between

PA and azido-ornithine yielding a protease-resistant triazole linkage.

Recombinant DUBs

Human USP14 (+26S proteasome) was purchased from Ubiquigent. Full-

length human OTUD2, OTUD2 OTU (aa 147–314), the S1 site mutant (aa

147–314, AI200-201DD), the S2 site mutant (aa 147–314, I292Q, V295Q), the

C160A constructs, and OTUD3 (aa 52–209) were described previously (Hos-

penthal et al., 2013; Mevissen et al., 2013).

Miscellaneous Materials

The USP14 antibody was purchased from Cell Signaling Technology.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, two schemes, and one data zip file and can be found with this

article online at http://dx.doi.org/10.1016/j.chembiol.2016.03.009.
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Supplemental Figure Legends  

 

Figure S1. Full gels of Figure 3B showing that TAMRA-diUb probes reveal linkage-specific reactivity in EL4 

lysates. (A) TAMRA-labeled diUb-PA probes were incubated at 37 °C for 30 minutes with EL4 cell lysate at a 

concentration of 5 µM. At indicated time points, samples were taken and collected for SDS-PAGE gel analysis. Time 

points are indicated in seconds (s) or in minutes (m). Gels were scanned at Ex/Em of 550/590 nm. USP14 is indicated 

by an arrow. (B) EL4 lysates were incubated at 30 °C for 40 minutes with buffer (-), 3.4 µM TAMRA-monoUb (m) 

or indicated TAMRA-diUb probes. Depending on type of gel and running buffer, for some diUb probes bands appear 

to run at a different molecular size or a double band is observed (*). USP14 bound to monoUb-PA (m) or diUb-PA 

(d) is indicated. f-Ub(2)-PA indicates the unbound TAMRA-labeled (di)Ub probe. 

 

Figure S2. Full details of OTUD2 linkage-specific reactivity with protease-resistant probes related to Figures 4 

and 5. (A) Full SYPRO Orange stained gels from Figure 4A. Indicated are the positions of the unmodified OTUD2 

enzyme and the TAMRA-labeled diUb-OTUD2 adducts (d-OTUD2), which are seen for some linkages as a band 

running slightly below bovine serum albumin (BSA), which was present in the assay mix. Especially for the K11-

linked diUb-PA probe (lanes 9-12), the disappearance of the OTUD2 band is observed, in accordance with it reacting 

with the diUb-PA probe. (B) Full SYPRO Orange stained gels of Figure 5D. 0.1 µM of full-length (FL) OTUD2 or 

isolated OTU domains of WT OTUD2 (aa 147–314), an S1 site mutant (aa 147–314, AI200-201DD), an S2 site mutant 

(aa 147–314, I292Q, V295Q), and the catalytically inactive C160A mutant constructs were incubated with TAMRA-

labeled K11-linked diUb-PA probes for 60 min at 1 µM. At indicated time points, samples were taken for analysis. 

OTUD2 or OTUD2 OTU, coupled to TAMRA-labeled diUb-PA (d) is indicated. Samples were analyzed by SDS-

PAGE and fluorescence scanning at Ex/Em of 480/590 nm. f-Ub2-PA indicates the unbound diUb probe fluorescently 

labeled with TAMRA. (C) Bands of full-length OTUD2 (FL) or OTUD2 OTU modified with TAMRA-labeled K11-

linked diUb-PA probe in Figure 5D were quantified using Studio Image Lite and the data was fitted using one phase 

association curve. Quantification is displayed as arbitrary fluorescence units (AFU).  

 

Figure S3. DiUb-AMC assay for full-length OTUD2 related to figures 4D and 4E. 15 nM OTUD2 was incubated 

for indicated time with Ub-AMC or the seven differently linked diUb-AMC substrates at different concentrations as 

indicated. The increase in fluorescence was measured at Ex/Em of 360/450 nm. 

 

Figure S4. DiUb-AMC assays for the wild-type full length OTUD2 and isolated OTU domain of OTUD2 

mutants, related to Figure 5C and 5E. (A) 15 nM OTUD2 was incubated for indicated time with Ub-AMC or the 

seven differently linked diUb-AMC substrates at different indicated concentrations. The increase in fluorescence was 

measured at Ex/Em of 360/450 nm. (B) 15 nM wild-type OTUD2 FL, wild-type OTUD2 OTU, or OTUD2 OTU 

mutants MutS1, MutS2 and C160A were incubated for indicated time with K11-linked diUb-AMC substrates at 

different indicated concentrations. The increase in fluorescence was measured at Ex/Em of 360/450 nm. 

 

Figure S5 related to Figure 6. (A) 0.15 µM OTUD3 OTU was incubated with buffer (-), with TAMRA-labeled 

monoUb-PA (m) or the seven differently linked diUb-PA probes at 1 µM for 4 min. Gels were scanned at Ex/Em of 

480/590 nm. Indicated are the OTUD3 OTU enzyme, which runs slightly above the diUb-PA probes, and the diUb-

OTUD3 OTU adduct that is observed for the K11 linkage (d-OTUD3). Bovine serum albumin (BSA) was present in 

the assay mix. f-Ub(2)-PA indicates the unbound TAMRA-labeled (di)Ub probe. (B) 7 µM TAMRA-labeled K11-

linked diUb was incubated with 2 µM OTUD3 OTU. At indicated time points, samples were taken for gel analysis to 

monitor conversion of diUb to mUb. (C) Band from (B) were quantified and plotted to determine the half-time of the 

reaction, which is approximately 60 minutes. (D) 10 µM K11-linked diUb-AMC was incubated with 2 µM OTUD3 

OTU and fluorescence as a result of cleavage of the AMC moiety was measured over time. Half-time was estimated 

to be between 90 and 120 seconds. (E) Plot showing first 300 seconds of (D). 

 

Figure S6. DiUb-AMC assay for OTUD3 OTU related to Figure 6C and 6D. (A) 15 nM OTUD3 OTU was 

incubated for indicated time with Ub-AMC or the seven differently linked diUb-AMC substrates at different 

concentrations as indicated. The increase in fluorescence was measured at Ex/Em of 360/450 nm. (B) Michaelis-

Menten plot shown in Figure 6D, but zoomed in to show the curves for monoUb-AMC and K27-linked diUb-AMC. 

 

 

 



Scheme S1, related to Figure 2. Synthetic Scheme of TAMRA-diUb-PA probes 3. Solid Phase Peptide Synthesis 

(SPPS) of Ub75 is followed by HFIP mediated release from the solid support, leaving all side-chain protecting groups 

(PG) in place. The C-terminal carboxylic acid is activated using PyBOP/DiPEA and propargylamine is coupled. 

Global deprotection is effected by trifluoroacetic acid (TFA) treatment resulting in TAMRA-Ub-PA 1. Similarly, 

HFIP-mediated release from the solid support, liberates azido-ornithine Ub74.  C-terminal activation followed by 
coupling to methyl-3-(glycylthio)-propionate and concomitant TFA deprotection yields azido-ornithine 
thioesters 2. Subsequent Cu(I)AAC of alkyne 1 and azide 2 results in the intermediate diUb-thioester, that is 
treated with propargylamine to yield final diUb-PA probes 3.  
 

Scheme S2, related to Figure 2. Synthetic Scheme of diUb-AMC probes 6.  

Solid Phase Peptide Synthesis (SPPS) of Ub75 is followed by HFIP mediated release from the solid support, leaving 

all side-chain protecting groups (PG) in place. The C-terminal carboxylic acid is activated using PyBOP/DiPEA and 

propargylamine is coupled. Global deprotection is effected by trifluoroacetic acid (TFA) treatment resulting in Ub-

PA 4. Similarly, HFIP-mediated release from the solid support, liberates azido-ornithine Ub75. C-terminal 
activation followed by coupling to glycyl-7-amido-4-methylcoumarine and concomitant TFA deprotection 
yields azido-ornithine Ub-AMC mutants 5. Subsequent Cu(II)AAC of alkyne 4 and azide 5 yields final diUb-AMC  
substrates  6. 
 



Supplemental Experimental Procedures 

 

General experimental procedures 

 

Chemical reagents were obtained from Sigma-Aldrich, Fluka and Acros of the highest available grade and used 

without further purification. Peptide synthesis reagents were purchased from Novabiochem. LC-MS measurements 

were performed on a Waters 2795 Separation Module (Alliance HT), Waters 2996 Photodiode Array Detector (190-

750nm), Phenomenex Kinetex C18 (2.1x50, 2.6 µm) and LCT™ Orthogonal Acceleration Time of Flight Mass 

Spectrometer (Micromass). Samples were run using 2 mobile phases: A = 1% acetonitrile, 0.1% formic acid in water 

and B = 1% water and 0.1% formic acid in acetonitrile. Data processing was performed using Waters MassLynx Mass 

Spectrometry Software 4.1 (deconvolution with MaxEnt I function).  

 

General Purification Procedure of Ub-mutants 

 

The crude Ub derivatives were dissolved in a minimal amount of warm DMSO and then diluted by addition to Milli-

Q water. A stock solution of NaOAc buffer was added to a final concentration of 50 mM NaOAc pH 4.5 (the final 

DMSO concentration is kept between 2 – 10%). Next, the peptide was purified by cation exchange chromatography 

using Workbeads 40S (Cation Exchange) material with a 0 → 1 M NaCl gradient in 50 mM NaOAc pH 4.5. Pure 

(>90%) fractions, as indicated by LC-MS, were pooled and further purified by RP-HPLC using a Waters XBridge 

OBD (150x30) C18 column with a linear gradient between 20-45% B over 25 minutes. (A = 95/5/0.05 

H2O/Acetonitrile/Trifluoroacetic acid; B = 5/95/0.05 H2O/Acetonitrile/ Trifluoroacetic acid). Pure fractions (>95%), 

as judged by LC-MS were pooled, lyophilized and used as such. 

 

Synthesis of mono-Ubiquitin precursors 

 

Synthesis of TMR-Ub1-75-PA 1 (See Scheme S1) 

Ubiquitin1-75 was synthesized using a solid phase peptide synthesis protocol as was described previously (El Oualid et 

al., 2010), using preloaded trityl resin; TentaGel® R TRT-Gly Fmoc (Rapp Polymere GmbH; RA1213). After SPPS 

synthesis an aliquot of resin was treated with TFA cleavage cocktail (90% TFA, 5% H2O, 2.5% triisopropylsilane, 

2,5% phenol) and product was precipitated in cold diethylether:pentane (3:1). The identity was confirmed by LC-MS 

analysis. The N-terminal Fmoc-group was then removed from the resin bound polypeptide by treatment with 20% 

piperidine in N-Methyl-2-pyrrolidone (NMP) (3 x 10 mL, 10 minutes). The protected peptide was then released from 

the resin by incubation for 30 minutes with hexafluoroisopropanol:DCM mixture (1:4, v/v) to afford a globally 

protected Ub1-75 polypeptide. After evaporation of the solvent the solid was coevaporated with dichloroethane (DCE) 

three times to remove traces of hexafluoroisopropanol (HFIP) which may lead to undesired HFIP ester formation in 

the following step.  The peptide (25 µmol) was dissolved in DCM (1 mL/ 5 µmol), and 5 eq. PyBOP, 5 eq. 

triethylamine and 10 eq. propargylamine were reacted for 16 hours. The reaction mixture was concentrated and excess 

propargylamine was removed by co-evaporation with DCM and toluene followed by dissolution of the protected Ub-

PA in DCM and extraction with 1M KHSO4 (2 times) and sat. aq. NaCl before drying the organic layer using sodium 

sulfate and concentration. The resulting off-white solid was further dried overnight under high vacuum. Subsequently, 

5 eq. of 5-Carboxy-Tetramethylrhodamine (TMR) was pre-activated in anhydrous DMF by the addition of 5 eq. 

PyBOP and 5 eq. triethylamine for 5 minutes prior to the addition of protected Ub-propargyl to the reaction mixture. 

After reaction for 16 hours, the reaction mixture was concentrated and the deep purple TMR-Ub1-75-PA was 

deprotected using TFA cleavage mixture for 2.5 hours. The crude polypeptide was collected after precipitation from 

cold diethyl ether/pentane (3:1), centrifugation (1000 g, 5 minutes) and washing 3 times with cold diethyl ether and 

further purified as described in the ‘General Purification Procedure’ above. 

 

Synthesis of (Azido-ornithine)Ub-thioester 2a-g (See Scheme S1) 

Ubiquitin1-74 was synthesized using a solid phase peptide synthesis protocol as was described previously (El Oualid et 

al., 2010) incorporating Fmoc-L-azido-ornithine as substitute on any of the desired lysine positions. After solid phase 

synthesis and release from the resin using HFIP/DCM (1:4, v/v) the solid (25 μmol) was dissolved in 6 mL of 

chloroform and cooled to -10 °C while stirring. Trifluoroethanol (2 mL) was added which resulted in a milky solution. 

These conditions were selected in order to prevent epimerization of Arg74 during the subsequent coupling protocol 

as reported by Sakakibara (Sakakibara, 1995). To this suspension 3 eq. of methyl-3-(glycylthio)proanoate, 3 eq. EDC 

and 3 eq. HOBt were added. (To avoid the reduction of the azide by free thiols we decided to introduce the thioester 

as the preformed glycylthioester). This was stirred for 10 minutes before removing the icebath. The reaction was 



completed after 3 hours as indicated by a test cleavage (as described above). Solvents were removed under reduced 

pressure and the peptide was deprotected using TFA cleavage mixture for 2.5 hours. The crude was collected after 

precipitation from cold diethyl ether/pentane (3:1), centrifugation (1000 g, 5 minutes) and washing 3 times with cold 

diethyl ether and further purified as described in the ‘General Purification Procedure’ above.  

 

Synthesis of Ub-PA 4 (See Scheme S2) 

Ub1-75-PA was prepared as described previously (Ekkebus et al., 2013). Briefly, after SPPS and release from the resin 

using HFIP/DCM (1:4, v/v) the protected polypeptide Ub1-75 (25 µmol) was dissolved in DCM (1 mL/ 5 µmol), and 5 

eq. PyBOP, 5 eq. triethylamine and 10 eq. propargylamine were reacted for 16 hours. The reaction mixture was 

concentrated and deprotected using TFA cleavage mixture for 2.5 hours. The crude polypeptide was collected after 

precipitation from cold diethyl ether/pentane (3:1), centrifugation (1000 g, 5 minutes) and washing 3 times with cold 

diethyl ether and further purified as described in the ‘General Purification Procedure’ above. 

 

Synthesis of (Azido-ornithine)Ub-AMC 5a-g (See Scheme S2) 

After SPPS and release from the resin using HFIP/DCM (1:4, v/v) the protected polypeptide Ub1-75 (5 µmol) was 

dissolved in DCM (1 mL/ 5 µmol), and 5 eq. PyBOP, 5 eq. triethylamine and 10 eq. glycinyl-AMC were reacted for 

16 hours. The reaction mixture was concentrated and deprotected using TFA cleavage mixture for 2.5 hours. The 

crude polypeptide was collected after precipitation from cold diethyl ether/pentane (3:1), centrifugation (1000 x g, 5 

minutes) and washing 3 times with cold diethyl ether and further purified as described in the ‘General Purification 

Procedure’ above. 

 

Synthesis of diUb probes  

 

Synthesis of diubiquitin PA probes 3a-g using Cu(I)AAC-reaction (See Scheme S1) 

TMR-Ub-PA 1 and Ub-thioester mutants 2a-g were dissolved in warm DMSO at a concentration of 50 mg/mL (a 

microBCA kit was used to determine relative protein concentrations). The CuAAC reactions were performed under 

denaturing conditions in 8M Urea, 100 mM phosphate buffer pH 7.  

 

It is critical to use high quality Cu(I)Br in these experiments, by stirring 99% CuBr in glacial acetic acid overnight at 

1:10 v/v powder:solvent. The suspension was filtered resulting in a greenish filtrate and an off-white residue that was 

subsequently washed with ethanol and dried under reduced pressure at 50 °C followed by high vacuum for 16 hours. 

The Cu(I)Br was stored under inert (N2) atmosphere. 

 

In a typical reaction 100 μL of Ub-thioester mutant (5 mg) was added to 1 mL of reaction buffer (8M Urea pH 7), 

followed by addition of 0.9 eq. TMR-Ub-PA. To the resulting solution 10 μL of catalyst solution containing 20 mg/mL 

Cu(I)Br in MeCN and 50 mg/mL TBTA-analogue (Zhou and Fahrni, 2004) in MeCN (2:3, v/v) was added followed 

by a short vortex, repeated in 5 minute intervals 5 times in total. After reactions were finished, as judged by LC-MS 

(~ 1 hour), the reaction was quenched by the addition of 100 μL of 0.5 M EDTA, pH 7.0. A PD-10 desalting column 

(GE Lifesciences) was equilibrated with reaction buffer according to manufacturer’s protocol and the sample buffer 

exchanged to remove the catalyst.  

 

The volume of the resulting solution was adjusted to 3 mL by the addition of extra reaction buffer and 168 μL 2M 

HCl was added to prevent overshoot of pH during propargylamine addition. 42 μL propargylamine was added to 

initiate the thioester-to-propargylamine exchange. The reaction was allowed to proceed overnight at 4 °C and product 

was purified using RP-HPLC; Waters Atlantis T3 C18 30x250 5μm running at 18 mL/min. Solvent A is water with 

0.05% TFA, Solvent B is Acetonitrile with 0.05% TFA. Gradient in time → %B: 0 → 10%, 1 → 10%, 2.50 → 20%, 

7.50 → 32%, 27.50 → 42%, 28 → 95%. Fractions containing product were identified using LC-MS analysis, pooled 

and lyophilized. The semi-pure product, containing some mono-Ub remnants was dissolved in warm DMSO (50 μL) 

and diluted into Milli-Q (850 μL). After careful mixing a 10x gel filtration buffer stock solution was added to reach a 

final concentration of 150 mM NaCl, 50 mM TRIS.HCl pH 7.4. Samples were purified over a Superdex 75 pg 16/600 

column (GE), which affords baseline separation of mono and diubiquitin species, as well as some higher molecular 

weight aggregates.  All seven TAMRA-diUb-PA probes 3 were verified by analytical LCMS.  

 

 

Synthesis of diubiquitin-AMC probes 6a-g using Cu(II)AAC-reaction (See Scheme S2) 



Ub-PA 4 and (Azido-ornithine)Ub-AMC mutants 5a-g were dissolved in warm DMSO at a concentration of 5 mg/mL 

for each Ub respectively. The CuAAC reactions were performed under denaturing conditions in 8M Urea, 100 mM 

phosphate buffer pH 7. 

In a typical reaction 75 μL of Ub-containg DMSO stock was added to 1275 μL of reaction buffer (8M Urea, pH 7), 

followed by addition of 150 μL catalyst solution containing 25 mg/mL Cu(II)SO4 in MQ, 120 mg/mL Sodium 

Ascorbate in MQ and 52 mg/mL TBTA-analogue (Zhou and Fahrni, 2004) in MeCN (1:1:1, v/ (Zhou, 2004) in MeCN 

(1:1:1, v/v/v) followed by a short vortex, repeated 2 times in total after 15 min intervals. After reactions were finished, 

as judged by LC-MS (ranging from 30 min to 2 hour, dependent on the azido-ornithine position), the reaction was 

quenched by the addition of 100 μL of 0.5 M EDTA, pH 7.0. After buffer exchange to 150mM NaCl, 50 mM TRIS.HCl 

pH 7.6, samples were purified over a Superdex 75 pg 16/600 column (GE). Analytical LCMS data was obtained for 

all probes. All seven diUb-AMC substrates 6 were verified by analytical LCMS. 

    

Synthesis of TAMRA-labeled native K11-linked diUb 

 

TAMRA labeled diUbK11 was generated using a procedure based on previously reported protocols (El Oualid et al., 

2010). Briefly, synthetic N-terminal TAMRA labeled Ub thioester (25 mg/mL) and synthetic K11-thiolysine Ub (25 

mg/mL) were ligated in 8 M Gdn.HCl/ 200 mM NaH2PO4, pH 7.6 in the presence of 1.2 M mercaptophenyl acetic 

acid (MPAA) for 16 hours at 37 oC.  After HPLC and size exclusion chromatography (SEC), the resulting TMR-

Ub2
K11 was desulfurized in 8 M Gdn.HCl/200 mM NaH2PO4, pH 6.8 in the presence of 200 mM TCEP, 75 mM GSH 

(reduced form) and 75 mM of the radical initiator VA-044. Concomitant HPLC and subsequent SEC-purification 

resulted in the target compound: TAMRA-Ub2
K11. The TAMRA-K11-linked diUb substrate was verified by analytical 

LCMS. 

 

Concentration determination of TMR-labeled probes 

 

5-TAMRA absorption was measured at 553 nm using Nanodrop. Concentrations were calculated based on weighed 

5-TAMRA-linked Lysine-Glycine. Additionally, labeled mono and diUb probes were adjusted for fluorescent signal 

of di- or monoUb bands by gel analysis using the ProXpress imaging system. 
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