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Abstract

HECT E3 ubiquitin ligases (~28 known) are associated with many phenotypes in eukaryotes, and 

are important drug targets. However, assays used to screen for small molecule inhibitors of HECT 

E3s are complex and require ATP, Ub, E1, E2, and HECT E3 enzymes, producing three covalent 

thioester enzyme intermediates E1~Ub, E2~Ub, and HECT E3~Ub (~ indicates thioester bond), 

and mixtures of polyubiquitin chains. To reduce the complexity of the assay, we developed a novel 

class of fluorescent probes UbFluor that act as mechanistically relevant pseudosubstrates of HECT 

E3s. These probes undergo a direct transthiolation reaction with the catalytic cysteine of HECT 

E3s, producing the catalytically active HECT E3~Ub thioester accompanied by fluorophore 

release. Thus, a fluorescence polarization assay can continuously monitor UbFluor consumption 

by HECT E3s, and changes in UbFluor consumption rendered by biochemical point mutations or 

small molecule modulation of HECT E3 activity.
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INTRODUCTION

Throughout the human body, over 800 ubiquitin enzymes control the timely degradation and 

activity of proteins involved in all aspects of eukaryotic biology (Ciechanover, 2013; 

Varshavsky, 2012). Homologous to E6AP Carboxyl Terminus (HECT)-type ubiquitin ligases 

(~28 known in humans) harbor a catalytic cysteine and form an obligatory HECT E3~Ub 

thioester enzyme intermediate prior to ubiquitin transfer onto lysine residues of protein 

substrates (Huibregtse et al., 1995; Scheffner et al., 1995). Typical HECT E3 ligase is 

defined by a ~350 amino acid C-terminal catalytic HECT domain. Genetic inactivation and 

mutations to HECT E3s cause a wide range of abnormal and disease-related phenotypes in 

animals and humans, which highlights their significance in eukaryotic biology (Scheffner 

and Kumar, 2014). Some HECT E3s such as HERC2 are also involved in coloration of 

human eyes, skin, and hair (Wilde et al., 2014). Furthermore, HECT E3 ligases are also 

hijacked by viruses that redirect HECT substrate specificity such as when E6AP ligase 

targets p53 in HPV18 and HPV16 positive cervical cancer cells (Scheffner et al., 1993a).

Given the significance of HECT E3s in eukaryotic and human biology, two challenges need 

to be addressed: a) downstream substrates of HECT E3s need to be identified to elucidate 
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HECT-regulated signaling pathways (Persaud and Rotin, 2011), and b) selective chemical 

probes for HECT E3 ligases are needed to validate these enzymes as drug targets and to link 

HECT E3 enzyme function and cell phenotype (Kathman et al., 2015; Zhang et al., 2016). 

Both of these challenges can be addressed by developing selective small molecule inhibitors 

of HECT E3s. To meet the first challenge, quantitative proteomic methods can identify 

direct downstream substrates of HECT E3s upon their inhibition with small molecules (Kim 

et al., 2011; Ordureau et al., 2015).

One challenge associated with the discovery of HECT E3 ligase inhibitors is the complexity 

of enzymatic assays that require ATP, Ub, E1, E2, and HECT E3 enzymes. The reaction is 

further complicated by the formation of three covalent intermediates E1~Ub, E2~Ub, and 

HECT E3~Ub, and potential mixtures of autoubiquitinated HECT E3s and free 

polyubiquitin chains of varying lengths (Ronchi and Haas, 2012; Scheffner et al., 1995). 

Altogether, this complexity makes enzymatic assays to study HECT E3 biochemistry or 

high-throughput screens operationally difficult. Furthermore, when high-throughput 

screening is performed, false positives may arise due to off-target inhibition of E1 or E2 

enzymes, their respective thioesters, or from interaction with protein-based reagents that are 

often added to quantify reaction products.

To overcome these challenges, we developed a novel class of fluorescent ubiquitin probes 

UbFluor, which in turn are based on the Bypassing System (Krist et al., 2016; Park et al., 

2015). UbFluor is a thioester conjugate between the C-terminal Gly76 of Ub and fluorescein 

thiol (Figure 1A) (Krist et al., 2016). This conjugate can be easily prepared from the known 

Ub~MES thioester upon its transthiolation with fluorescent thiol (Figure 1A). UbFluor can 

undergo a transthiolation reaction with the catalytic cysteine of HECT E3, liberating the 

fluorophore and forming the catalytically active HECT E3~Ub thioester (k1 step). Kinetics 

of the fluorophore release from UbFluor can be monitored in real-time using fluorescence 

polarization (FP) methods. Subsequent to transthiolation, ubiquitin can be discharged from 

the HECT E3~Ub thioester onto an acceptor lysine. Acceptor lysine can be derived from 

UbFluor itself (to form Ub-UbFluor as a reaction product), exogenously added lysine, or a 

lysine residue of the substrate or of the ligase itself (k2 step, Figure 1B).

Following discharge of ubiquitin, HECT E3 can react with a second molecule of UbFluor. 

Thus, if the isopeptide ligation step is hindered by a point mutation or small molecule, 

inactive HECT E3~Ub thioester accumulates and the consumption of UbFluor is inhibited. 

This effect can be observed under multiple turnover (MT) reaction conditions with an excess 

of UbFluor (10 to 20-fold excess relative to the enzyme). The inhibition of UbFluor 

consumption under these conditions can also be inhibited if the first transthiolation step (k1) 

is defective. It is possible to differentiate between these two possibilities by conducting the 

reaction either under single-turnover conditions (ST, 5 to 20-fold excess of HECT E3 over 

UbFluor) or under MT conditions (10 to 20-fold excess of UbFluor over the enzyme). Under 

ST, HECT E3 ligase has the opportunity to react with only one molecule of UbFluor. In this 

case, the consumption of UbFluor will reflect the transthiolation rate of UbFluor by HECT 

E3. If UbFluor consumption is inhibited under ST conditions upon biochemical point 

mutations or in the presence of small molecules, transthiolation (k1) between HECT E3 and 

UbFluor is likely defected. MT conditions, on the other hand, require both transthiolation 
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(k1) and isopeptide ligation (k2) steps to proceed efficiently. If the consumption of UbFluor 

is inhibited under MT conditions, but not under ST, HECT E3 may have an isopeptide 

ligation defect.

To characterize the interaction between UbFluor and HECT domain, we measured the 

Michaelis-Menten parameters of a MT reaction with the HECT domain of the yeast ligase 

Rsp5. Measuring the consumption of UbFluor (25 – 500 μM) by Rsp5 HECT (1 μM), we 

determined an apparent kcat of 0.094 ± 0.010 s−1 and an apparent KM of 791.9 ± 121 μM. 

Experiments with large amounts of UbFluor (500 μM) are not amenable to an efficient 

analysis of many mutants, or for quantifying the impact of small molecules on catalysis. 

Therefore, we routinely run UbFluor assays under pseudo first-order reaction conditions to 

obtain an apparent bimolecular rate constant kobs (M−1s−1) where reaction rate = 

kobs[enzyme][UbFluor]. This approximation is valid for concentrations of UbFluor that are 

far below KM (~800 μM). Thus, we can calculate kobs under ST (5 μM ligase with 0.25, 

0.50, 0.75, and 1.0 μM UbFluor) or MT (1 μM ligase with 10, 12.5, 15, and 20 μM UbFluor) 

conditions. Comparing a set of HECT domain mutants with kobs values determined in 

UbFluor assays incorporates measurements of at least four UbFluor concentrations into one 

value.

To determine kinetics from a UbFluor FP assay, polarization values must be converted to 

units of concentration. At both high and low UbFluor concentrations, we observed a linear 

relationship between polarization and the ratio of uncleaved to cleaved UbFluor. Therefore, 

polarization values registered during an assay can easily be converted to concentration units 

according to linear transformations.

Unique advantages of the developed method include the ability to measure the catalytic 

activity of the isolated HECT domain (MW ~45 kDa) that can be easily expressed in E. coli. 
While typical full length HECT E3s such as Nedd4-1 have a molecular weight of ~100 kDa 

and can be expressed in E. coli, other HECT E3s such as ARF-BP1/MULE/HUWE1 have 

much larger molecular weights around ~500 kDa and are difficult to express in E. coli or 

insect cells. In this and similar cases, one can study the truncated version of the HUWE1 

catalytic HECT domain with UbFluor. Thus, just as kinase inhibitors target the kinase ATP 

active site (Knight and Shokat, 2005), it could be possible to develop HECT E3 ligase 

inhibitors that target the catalytic HECT domain (active site) and display useful 

pharmacological properties. Importantly, since UbFluor lacks E2 enzyme, this assay has 

limited potential to discover inhibitors that disrupt the binding of E2 enzyme to the catalytic 

HECT domain. However, we have shown that despite lacking E2 enzyme, UbFluor and its 

non-fluorescent analogues are largely processed by a native HECT E3 mechanism based on 

analysis of UbFluor reactions with HECT E3 mutants (Kamadurai et al., 2013; Krist et al., 

2016).

This protocol describes a) the synthesis of UbFluor (Basic Protocol 1), and b) procedures to 

conduct enzymatic assays for HECT E3s, and c) data analysis.
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STRATEGIC PLANNING

FP assays can be conducted in 384-well plates with typical reaction volumes of ~20 μL. 

Reagent dispensing can be automated, and many measurements can be made in a short 

period of time. Typically, 1-4 enzyme mutants can be analyzed in one day. Importantly, 

because it lacks E2 enzyme, the ubiquitination reaction by HECT domain is slower with 

UbFluor than in the native cascade. Typical native ubiquitination reactions proceed on the 

second timescale, while reactions with UbFluor occur on the minute timescale. Since 

UbFluor is a thioester, free thiols such as dithiothreitol (DTT) or β-mercaptoethanol (BME) 

must not be used in enzyme solutions or reaction buffers, because they will cause a non-

specific consumption of UbFluor.

BASIC PROTOCOL 1

E1 ENZYME UBA1 EXPRESSION—This protocol describes the expression of mouse 

ubiquitin-activating E1 enzyme (UBA1) from E. coli and its subsequent purification. This 

enzyme is used in the chemoenzymatic synthesis of Ub~MES, which is later converted to 

the final probe UbFluor. If a lab is not equipped to express protein, UBA1 enzyme can be 

obtained from a commercial vendor. However, when large amounts of UbFluor are needed, 

e.g., for high-throughput screening assays, it might be more affordable to produce E1 

enzyme in-house than to buy it from commercial vendors.

Materials

REAGENTS: E. coli BL21 (DE3) cells (Fisher Scientific)

E1 enzyme UBA1 plasmid for expression in E. coli, (pET-28b mE1) available from addgene 

(plasmid #32534)

Kanamycin sulfate (Aldrich)

LB Agar (Fisher Scientific)

LB broth (Fisher Scientific)

0.5 M Isopropyl β-D-1-thiogalactopyranoside in water

Resuspension buffer: 50 mM Tris pH 8.0, 150 mM NaCl, 0.1% Triton X-100, 1 mM DTT, 

with Complete Protease EDTA-free Inhibitor Cocktail (Roche) (see recipe)

Complete Protease EDTA-free Inhibitor Cocktail (Roche)

Ni-NTA agarose (Qiagen)

Ni-NTA wash buffer: 50 mM Na2HPO4/NaH2PO4 pH 8.0, 150 mM NaCl (see recipe)

Ni-NTA elution buffer: 50 mM Na2HPO4/NaH2PO4 pH 8.0, 150 mM NaCl, 300 mM 

imidazole (see recipe)

E1 storage buffer: 20 mM HEPES pH 8.0, 100 mM NaCl, 1 mM DTT (see recipe)
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EQUIPMENT AND MATERIALS: Lab benchtop scale

Petri Dishes (Fisher Scientific)

250 mL baffled Erlenmeyer flask (Fisher Scientific)

Incubator/shaker that can reach 37 °C

2 L baffled Erlenmeyer flask (Fisher Scientific)

Absorbance spectrophotometer (to measure optical density of E. coli solution)

Polycarbonate centrifuge bottles (500 mL volume and 40 mL volume sizes)

High-speed centrifuge for E1 expression steps (Thermo, Sorvall RC 6+ or comparable)

Centrifuge rotor for pelleting cells in 500 mL bottles (PTI/Thermo Scientific F10S-6x500y 

centrifuge rotor or comparable)

Centrifuge rotor for clearing lysate (Thermo Scientific F21S-8x50y centrifuge rotor or 

comparable)

Sonicator/Sonic dismembrator (Fisher scientific FB505 or comparable)

0.45 μm syringe filter (Fisher Scientific)

Econo Column (10 cm × 2.5 cm; BioRad)

Rocking Platform (BioRad)

Centrifuge for 50 mL conical tubes (Eppendorf 5430 R or equivalent)

FPLC system (Akta)

HiLoad Superdex 200 (GE Healthcare)

Amicon 30 kDa MWCO spin filters

−80 °C freezer

Procedure for E1 enzyme UBE1 expression

1.) Transform E. coli BL21 (DE3) cells with a pET-mE1 plasmid using 15 μg/mL 

kanamycin for selection on agar plates.

2.) Once transformed BL21 colonies are obtained on agar plates, inoculate an 

overnight culture (50 mL LB broth with 15 μg/mL kanamycin in a 250 mL baffled 

flask) with a colony and culture at 37 °C, with shaking at 225 rpm overnight.

3.) Add the overnight culture to 1 L LB broth with with 15 μg/mL kanamycin in a 2 L 

baffled flask. Set to rock at 37 °C, 225 rpm. Measure the optical density at 600 nm 

(OD) every hour.

Krist et al. Page 5

Curr Protoc Chem Biol. Author manuscript; available in PMC 2018 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.) When the OD reaches ~0.6, add 1 mL of 0.5 M IPTG solution (final IPTG 

concentration 0.5 mM) to the flask and set to 16 °C, 225 rpm for 20 hours.

5.) After 20 hours transfer the culture to 500 mL bottles appropriate for 

centrifugation. Centrifuge at 6000 g, for 20 minutes at 4 °C. Decant the supernatant 

and collect the cell pellets.

Cell pellets can be stored at −80 °C for several months.

6.) Resuspend the cell pellets in resuspension buffer: 50 mM Tris pH 8.0, 150 mM 

NaCl, 0.1% Triton X-100, 1 mM DTT with protease inhibitor (Complete Protease 

EDTA-free Inhibitor Cocktail, Roche) (see recipe). From a 1L expression, we 

typically resuspend cells with 20 mL resuspension buffer.

7.) Distribute resuspended cells to 40 mL centrifuge bottles and then lyse cells by 

sonication.

8.) Centrifuge the cell lysate at 18,000 g for 40 minutes at 4 °C. Collect supernatant.

9.) Pass the cleared cell lysate through a 0.45 μm syringe filter to eliminate any 

remaining cellular debris.

10.) Prepare a column (10 cm × 2.5 cm BioRad Econo column) for protein 

purification. Rinse the column with DI water and clamp it upright in a cold room 

(4 °C). Add Ni-NTA agarose (2 mL slurry) and drain the storage buffer. Wash the Ni-

NTA resin with 3 × 20 mL of cold Ni-NTA wash buffer: 50 mM Na2HPO4/NaH2PO4, 

150 mM NaCl, to equilibrate the resin with this buffer.

11.) Add lysate to the equilibrated Ni-NTA agarose, close the column, and then 

incubate for 2 hours at 4 °C with gentle rocking using a rocking platform. This is to 

ensure a complete saturation of the beads to maximize the protein yield.

Alternatively, lysate can be added to the column and eluted with a slow flow rate (~1 mL/

min). Running the subsequent flow-through over the Ni-NTA agarose again may improve 

protein yield.

12.) Elute unbound proteins from the column.

13.) Wash the resin with Ni-NTA wash buffer using gravity flow (5 × 15 mL with a 

~1 mL/min flow rate).

14.) Elute E1 enzyme with cold Ni-NTA elution buffer: 50 mM Na2HPO4/NaH2PO4 

pH 8.0, 150 mM NaCl, 300 mM imidazole (3 × 3 mL).

15.) Purify E1 enzyme through a HiLoad Superdex 200 FPLC column equilibrated 

with E1 storage buffer. A typical flow rate is 0.5 mL/min.

16.) Combine fractions containing E1 enzyme and concentrate to ~ 2 mL with 

Amicon 30 kDa MWCO spin filters. The typical concentration of E1 enzyme is ~10 

μM, or 1.2 mg/mL. E1 enzyme activity can be tested using previously reported 

methods (An and Statsyuk, 2013).
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BASIC PROTOCOL 2

SYNTHESIS OF UbFluor—Synthesis of UbFluor requires commercially available ATP 

and ubiquitin, ubiquitin-activating E1 enzyme (E1), and 2-mercaptoethanesulfonic acid 

sodium salt. The synthesis also requires the fluorescent thiol FluorSH that can be 

synthesized in three chemical steps. These steps are based on very simple and robust 

chemistry which does not require advanced chemical synthesis skills. If the available 

laboratory space is not suitable for chemical synthesis, such work can easily be performed 

by properly trained personnel at any chemistry department equipped with fume hoods. 

UbFluor synthesis involves the intermediate thioester Ub~MES, which can be prepared by a 

chemoenzymatic approach with ATP, E1, ubiquitin, and 2-mercaptoethanesulfonic acid 

sodium salt (Figure 2) (El Oualid et al., 2010).

Upon reaction of Ub~MES with an excess of FluorSH, 2-mercaptoethanesulfonate in 

Ub~MES is replaced with FluorSH via transthiolation to produce the desired UbFluor 

(Figure 1A) (Krist et al., 2016). We found this final step to be sensitive to FluorSH purity 

such that FluorSH should be first purified with HPLC and lyophilized. If HPLC purification 

is not performed, then the subsequent conjugation step is not reproducible.

Materials

REAGENTS: 500 mM Na2HPO4/NaH2PO4 pH 8.0 pH 8.0 (see recipe)

Adenosine triphosphate disodium salt hydrate (ATP, Aldrich)

2-mercaptoethanesulfonic acid sodium salt (MESNa, Aldrich)

Magnesium chloride

Ubiquitin from bovine erythrocytes (Aldrich)

Storage Buffer A: 25 mM NaCl, 12.5 mM HEPES pH 6.7 (see recipe)

Cysteamine hydrochloride

Trifluoroacetic acid (TFA)

Methylene chloride

Trityl chloride

1 M NaOH aqueous solution

Saturated sodium chloride aqueous solution

Magnesium sulfate (anhydrous)

Diethyl ether/n-pentane (1:4 ratio)

Dimethylformamide (DMF)
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Fluorescein isothiocyanate (Aldrich, isomer 1)

N,N-diisopropylethylamine

50 mM HEPES pH 6.5 (see recipe)

Silica gel, standard grade (Sorbent technologies, 60 Å, 40-63 μm particle size or 

comparable)

Ethyl acetate

Sand

Methanol

Trifluoroacetic acid

Triethylsilane

Acetonitrile/water (3:7) with 0.1 % TFA (see recipe)

DMSO/H2O (1:1) (see recipe)

Sodium bicarbonate

1 M HEPES pH 7.5 (see recipe)

Tris(2-carboxyethyl)phosphine hydrochloride (Aldrich)

Guanidine hydrochloride

Storage Buffer B: 250 mM NaCl, 12.5 mM HEPES pH 6.0 (see recipe)

1 × PBS with 20 mM BME (see recipe)

MATERIALS AND EQUIPMENT: Lab benchtop scale

50 mL Falcon conical tubes

Incubator that can reach 37 °C

Amicon 3 kDa MWCO spin filters

Centrifuge for 50 mL conical tubes (Eppendorf 5430 R or equivalent)

FPLC system (Akta)

HiLoad Superdex 75 FPLC column (GE Healthcare)

Nanodrop 2000 Spectrophotometer (Thermo Scientific) or equivalent

Chemistry fume hood equipped with nitrogen and vacuum sources
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Stir bar with standard stir plate

Glass round-bottomed flasks (single 24/40 neck, 100 mL and 250 mL sizes) (single 14/20 

neck, 25 mL size)

Glass separatory funnels (30 mL and 250 mL sizes)

Glass Erlenmeyer flasks (50 mL and 250 mL sizes)

Glass cone funnel for 24/40 joint

Whatman filter paper (70 mm)

Fritted filter funnel, 150 mL

High-vacuum pump (Welch DuoSeal, 1×10−4 torr)

Glass chromatography column (250 mL, 1” diameter)

Glass elbow joint for N2(g) on glass chromatography column

Tygon tubing for N2(g)

Rotary evaporator

20 mL glass scintillation vial

Aluminum foil

Standard lab vortex mixer (up to 3000 rpm)

Symphony ultrasonic cleaner (VWR) or equivalent sonication bath

HPLC system

HPLC column (Restek Pinnacle DB C18)

Lyophilizer

LCTOF mass spectrometer for intact protein analysis

HiTrap Desalting columns (5 mL size, GE Healthcare)

−80 °C freezer

Procedure for Ub~MES synthesis

1.) In a 50 mL conical tube, combine the following in the given order of addition: 500 

mM Na2HPO4/NaH2PO4 pH 8.0 (2.4 mL; 50 mM final concentration)

E1 enzyme UBE1 (volume adjusted so final concentration is 0.25 μM) – from 

previous protocol
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ATP (129 mg, 10 mM final concentration)

MESNa (384 mg, 100 mM final concentration)

magnesium chloride (234 μL of 1 M solution, 10 mM final concentration),

ubiquitin (20 mg, 100 μM final concentration).

Add double distilled water to a final total volume of 23.4 mL.

2.) Cap the 50 mL conical tube and then gently invert the tube a few times to dissolve 

and mix the contents.

3.) Place the tube in a 37 °C incubator without agitation for 5 hours.

4.) Concentrate the reaction solution (23.4 mL) to ~2 mL with an Amicon 3 kDa 

MWCO spin filter.

5.) Purify Ub~MES through a HiLoad Superdex 75 FPLC column equilibrated with 

Storage Buffer A.

6.) Combine fractions of Ub~MES and concentrate to ~ 2 mL with Amicon 3 kDa 

MWCO spin filters. Typical concentrations range from 400-1200 μM, as determined 

by nanodrop spectrophotometer. Prepare a stock solution of Ub~MES (700 μM in 

Storage Buffer A) for subsequent conjugation to FluorSH.

Procedure for synthesis of fluorescein thiol (FluorSH; Figure 3): CAUTION: Perform 

these steps in a fume hood.

Procedure for synthesis of trityl-protected cysteamine, 2

7.) Combine cysteamine hydrochloride (1 g, 8.8 mmol), trifluoroacetic acid (1.3 mL, 

1.9 g, 17.0 mmol) and methylene chloride (30 mL) with a stir bar in a 100 mL round 

bottomed flask. Then add trityl chloride (2.4 g, 8.8 mmol) and allow the reaction to 

stir for 16 hours at room temperature.

8.) After 16 hours, pour the reaction solution to a glass separatory funnel, and add 1 

M NaOH solution (20 mL). Close the funnel and then shake it vigorously for a few 

minutes (relieve the pressure as necessary) so that the aqueous and organic layers 

thoroughly mix. Clamp the funnel upright so that the layers separate after several 

minutes.

9.) Drain the funnel and collect the phases separately (bottom layer = organic, top 

layer = aqueous). Add the organic phase back to the funnel with additional methylene 

chloride (50 mL).

10.) Add saturated sodium chloride solution (50 mL) to the separatory funnel, and 

shake the flask as described above. Allow layers to separate. Collect the organic 

phase (bottom layer) in an Erlenmeyer flask (250 mL size), avoiding passage of any 

water to the flask.

11.) Add 1-2 g magnesium sulfate (anhydrous) to the Erlenmeyer flask and swirl it 

with the organic phase to soak up trace amounts of water.
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12.) Place a glass funnel with Whatman filter paper in the top of a round bottomed 

flask (250 mL size). Slowly add the contents of the Erlenmeyer flask to the funnel in 

order to filter off magnesium sulfate; only clear organic solution should enter the 

round-bottomed flask.

13.) Add a stir bar to the flask, place the flask over a stir plate, and begin stirring 

vigorously. Slowly add ether/n-pentane solution (1:4 ratio of ether:pentane) until no 

additional precipitate forms.

14.) Filter off the crystalline white solid with a fritted filter funnel fit to the round-

bottomed flask and connected to house (hood) vacuum.

15.) Add the solid to a clean round-bottomed flask and connect to a high-vacuum 

pump (oil pump) for several hours to remove trace solvent.

Procedure for synthesis of trityl-protected fluorescein thiol, 3

16.) Combine trityl-protected cysteamine (from previous step) (0.33 g, 1.0 mmol), 

DMF (5 mL), and fluorescein isothiocyanate (0.40 g, 1.0 mmol) with a stir bar in a 

round-bottomed flask (25 mL size). Then add N,N-diisopropylethylamine (346 μL, 

2.0 mmol) dropwise and allow the mixture to stir at room temperature for 16 hours.

17.) After 16 hours, reduce the volume of the reaction solution by stirring the solution 

vigorously under a strong stream of nitrogen gas for 3-5 hours. The volume of the 

solution should now be 1-2 mL.

18.) Add the concentrated reaction solution to 48 mL of aqueous 50 mM HEPES pH 

6.5 in a 50 mL conical tube.

19.) Centrifuge the precipitated product at 4000 g for 10 minutes at room 

temperature. Decant the supernatant to leave a solid pellet at the bottom of the tube.

20.) Prepare a silica gel plug: make a slurry of silica gel (3-4 g) in ethyl acetate (~50 

mL). Mix this slurry well and then pour to a glass chromatography column (250 mL, 

1” diameter). After the silica has settled to the bottom of the column, add a small 

amount of sand to the top of the silica. At this point, the silica layer should be 4-5 cm 

thick and the sand layer should be 1 cm thick. Use Tygon tubing to connect a vented 

nitrogen outlet in the hood to the glass elbow joint. Use this joint to lightly add 

nitrogen pressure to the glass column to slowly elute ethyl acetate (flash 

chromatography).

Do not flash ethyl acetate past the silica gel layer. Always keep a layer of ethyl acetate over 

the silica gel.

21.) Dissolve the pellet in methanol (2-3 mL). Add this solution onto the sand layer in 

the glass chromatography tube. Open the column stopcock so that the methanol 

solution moves onto the silica gel. Then slowly add ethyl acetate (50 mL) to the 

column. Begin collecting the solvent that elutes from the column. Use nitrogen 

pressure to elute solution from the column at a faster rate.

22.) Add the ethyl acetate/methanol solution (8% MeOH, 50 mL) to the top of the 

column and elute with nitrogen pressure.
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23.) Combine all eluted organics in a round-bottomed flask (250 mL size).

Use a rotary evaporator (“rotovap”) to remove solvent (down to ~50 torr with a 30 °C 

water bath). An orange powder should precipitate. Place the flask under a ‘high’ 

vacuum to remove trace amounts of solvent.

Procedure for deprotection of trityl-protected fluorescein thiol to provide 
FluorSH, 4

24.) In a 20 mL glass scintillation vial, combine trityl-protected Fluor (from previous 

step) (100 mg, 0.14 mmol) with trifluoroacetic acid (1 mL, 1.5 g, 13.0 mmol) and 

water (25 μL). Agitate the vial to dissolve the fluorophore.

25.) To the dissolved fluorophore, add triethylsilane (25 μL, 18.2 mg, 0.16 mmol. 

Then cap the vial, cover it with aluminum foil to protect from light, and set to shake 

at a medium rate on a standard lab vortex mixer (~1000 rpm) for two hours at room 

temperature.

26.) After two hours, pour the reaction solution into diethyl ether (50 mL in a 50 mL 

conical tube) to precipitate the product.

27.) Centrifuge the precipitated product at 4000 g, for 10 minutes at 4 °C. Decant the 

supernatant to leave a solid pellet at the bottom of the tube.

28.) Dissolve the pellet from step #4 in acetonitrile/water (3:7) with 0.1% TFA 

(typical volume is 2 mL) adding a few drops of triethylamine to assist dissolution of 

the solid.

29.) Purify FluorSH with a gradient HPLC method (ramp from 30% to 95% 

acetonitrile in water, 0.1% TFA, over 30 minutes; column: Restek Pinnacle DB C18). 

We found that purification of FluorSH using HPLC is essential to the reproducibility 

of the subsequent conjugation step to produce UbFluor.

30.) Combine fractions of the major peak (typical elution time 12 minutes) and 

lyophilize overnight to obtain an orange/red powder.

Lyophilized UbFluor can be stored at −20 °C in the conical vial until the synthesis of 

UbFluor (below). We recommend to fill the vial with nitrogen to prevent sulfur 

oxidation, and to protect it from light by wrapping it with aluminum foil.

Procedure for synthesis of UbFluor ( Figure 4 ) 

31.) Dissolve lyophilized FluorSH (from step 31) in a few milliliters of methanol to 

completely dissolve it. Remove 5-10 μL of solution for mass analysis by LCTOF. 

Transfer this solution to a tared 20 mL glass scintillation vial and remove methanol 

with a rotary evaporator. Remove trace methanol with a nitrogen stream for 30 

minutes in a chemistry fume hood.

Collection of FluorSH with methanol ensures complete recovery of the fine FluorSH 

powder, which may otherwise stick to the sides of containers after lyophilization.

32.) Once methanol has been removed, determine the net mass of FluorSH.
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We typically obtain 20-30 mg lyophilized FluorSH from 100 mg of trityl-protected 

fluorescein thiol.

33.) Dissolve FluorSH to 50 mM in DMSO/H2O (1:1), adding a minimal amount of 

saturated aqueous NaHCO3 (~30 μL saturated NaHCO3 solution to 20 mg FluorSH). 

This step will produce a stock solution of FluorSH which can be used for conjugation 

with Ub~MES.

After adding NaHCO3, the solution should change from yellow to red. It may be 

necessary to briefly sonicate the solution using an ultrasonic cleaner bath in order to 

fully dissolve FluorSH.

34.) In each of 4 × 2 mL microcentrifuge tubes, combine the following in the given 

order of addition:

1 M HEPES pH 7.5 (111 μL, 100 mM final concentration)

100 mM TCEP (100 μL, 9 mM final concentration)

6 M guanidinium chloride (300 μL, 1.62 M final concentration)

50 mM FluorSH (300 μL, 13.5 mM final concentration) – from step 34

700 μM Ub~MES (300 μL, 189 μM final concentration) – from step 6

The final solution volume is 1111 μL.

After setting up the reactions, leftover FluorSH solution can be stored at −20 °C. If 

the Ub~MES solution is more concentrated than 700 μM, use a proportionately lower 

volume to maintain 189 μM final concentration and add double distilled water to 

make the final volume 1111 μL.

35.) Close the reaction tubes, cover in aluminum foil, and set to lightly vortex using a 

standard lab vortexer for 2 hours at room temperature.

36.) Add Storage Buffer B (389 μL) to each tube to bring the total volume to 1500 

μL.

37.) Purify each reaction through a HiTrap Desalting column. Follow manufacturer’s 

instructions.

Each HiTrap Desalting Column can be reused. We wash the columns with five or 

more column volumes of 1 M NaCl, 5 mM DTT, 50 mM Tris pH 7.5, and then with 

five or more column volumes of pure water to remove any remaining bound FluorSH 

and other leftover reaction components.

38.) Further purify UbFluor through a HiLoad Superdex 75 FPLC column 

equilibrated with Storage Buffer B.

We observe UbFluor to elute around 120 mL elution volume, while unmodified 

ubiquitin elutes around 90 mL elution volume.

39.) Combine fractions of UbFluor and concentrate to ~ 2 mL with Amicon 3 kDa 

MWCO spin filters.
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40.) Analyze the final product with SDS-PAGE/fluorescence scanning to ensure the 

absence of free fluorophore. Run intact protein mass spectrometry to verify UbFluor 

purity MW: 9013 m/z.

41.) Aliquot UbFluor, snap freeze in liquid nitrogen, and store at −80 °C.

Procedure for determining UbFluor concentration

42.) Prepare a solution containing 50 μM FluorSH and 50 μM ubiquitin in 1 × PBS 

with 20 mM BME. Use the 1 × PBS with 20 mM BME buffer to make two-fold serial 

dilutions to achieve final concentrations of FluorSH and ubiquitin: 25, 20, 15, 12.5, 

10, 7.5, 5, 2.5 μM.

43.) Use a Nanodrop 2000 (Thermo) or equivalent spectrophotometer to measure the 

emission intensity of this dilution series to obtain a standard curve (emission at 512 

nm).

44.) Dilute a sample of UbFluor (3 μL) with 1 × PBS, 20 mM BME (27 μL), gently 

mix with pipette, and then incubate at room temperature for 5 minutes. Under these 

conditions BME cleaves fluorescein from Ub.

45.) Measure fluorescence intensity with the spectrometer, and use the generated 

standard curve to calculate the concentration of UbFluor.

For 3 μL UbFluor mixed with 27 μL buffer, the calculated concentration should be 

multipled by 10 to obtain the concentration of the stock UbFluor solution.

BASIC PROTOCOL 3

FLUORESCENCE POLARIZATION ASSAY WITH UBFLUOR—Fluorescence 

polarization (FP) is a widely employed method to monitor enzyme activity in response to 

biochemical point mutations or small molecule inhibitors (Levine et al., 1997; Liang et al., 

2014). Because it is a ratiometric technique, the signal is independent of fluorophore 

concentration. Furthermore, fluorescence intensity variations due to the presence of 

impurities produce minor interference with the assay. When conducting Michaelis-Menten 

experiments we needed to use large concentrations of UbFluor (>400 μM), and observed 

self-quenching of the fluorophore (Zhuang et al., 2000). However, we verified that the FP 

signal was not affected at these high concentrations, and were able to conduct kinetic 

measurements in the quenching regime up to 500 μM UbFluor (Krist et al., 2016). We have 

found that the FP assay is robust and performs very well with a range of HECT E3 ligases 

including Nedd4-1, WWP1, E6AP, ITCH, Nedd4-2 and others. We would like to highlight 

the following feature of this assay: typically, the consumption of UbFluor under ST reaction 

conditions (5 to 20-fold excess of HECT E3 over UbFluor) is complete after about 40 

minutes. MT reaction conditions (10 to 20-fold excess of UbFluor over HECT E3) can 

require up to 6h for 50% consumption of UbFluor.

Furthermore, we have found that different HECT E3s display different activity in assays 

with UbFluor under MT reaction conditions. For example, 100 nM WWP1 HECT is able to 

process UbFluor, while Nedd4-1 HECT domain only consumes UbFluor when the Nedd4-1 

concentration is equal to or greater than 500 nM. To increase the activity of HECT domain, 
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we found it useful to express N-terminally extended versions of the catalytic HECT domain. 

In this case, the enzyme is also more prone to autoubiquitination, which can increase the rate 

of UbFluor consumption under MT conditions.

As a cautionary note, full length HECT E3 ligases may exist in an autoinhibitory 

conformation and could have very low activity in UbFluor assays (Mari et al.). In this case, 

such autoinhibition can either be destabilized with point mutations, or by truncation 

(deletion) of one of the interacting domains. For example, in Nedd4-1 HECT E3, the N-

terminal C2 domain occludes the C-terminal HECT domain. This conformation inhibits 

transthiolation of Nedd4-1 with E2~Ub thioesters, such that deletion of the C2 domain in 

Nedd4-1 activates the enzyme toward transthiolation.

Finally, please be aware that stock solutions of commercially available enzymes may contain 

thiols such as DTT and BME that can cleave UbFluor and affect polarization measurements. 

Any enzyme solution containing thiol must be desalted twice or purified via FPLC to 

completely remove thiol, as these are not tolerated even at concentrations as low as 1 μM. 

However, we find that in general, UbFluor tolerates free amines such as lysine at 

concentrations up to at least 100 mM for at least 30 minutes.

Materials

REAGENTS: UbFluor, from Basic Protocol 2

HECT ligase (either the catalytic domain or full length enzyme, available from Boston 

Biochem and obtainable from E.coli expression)

240 μM Tween-20

24.4 mM TCEP

UbFluor Assay Buffer: 1.5 M NaCl, 500 mM HEPES pH 7.5 (see recipe)

EQUIPMENT AND MATERIALS: 1.5 mL microcentrifuge tubes

Centrifuge (for 1.5 mL microcentrifuge tubes, Thermo Legend Micro 21R or equivalent)

384-well plate (low volume, low binding, Corning #3820)

Centrifuge for 384-well plates (Jouan RC1022 or comparable)

Synergy 4 (BioTek) fluorescence plate reader running Gen5 software (BioTek).

Procedure for FP assay with UbFluor

1.) Except for the HECT ligase, combine all components of a given reaction (total 

volume: 25 μL) in a 1.5 mL microcentrifuge tube.

Our reactions typically contain the following components at the given final 

concentrations: 150 mM NaCl, 6 μM Tween-20, 0.5 mM TCEP, 50 mM HEPES pH 
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7.5 (Use the corresponding stock solutions given in the Recipes section) with 0.25 – 

20 μM UbFluor.

2.) Add the required amount of HECT ligase to the side of each microcentrifuge tube, 

making sure the ligase does not touch the UbFluor solution at the bottom of the tube.

Our reactions typically contain 0.5 – 5 μM HECT ligase.

3.) Centrifuge all reaction tubes at 10,000 g for seven seconds to start the reactions.

4.) Transfer each reaction to a well in a 384-well plate (load 20 μL), pipetting each 

solution five times, while loading to fully mix.

Depending on how the reactions are set up, it may be necessary to use a fresh pipette tip for 

each tube.

5.) Once all reactions have been loaded to the plate, centrifuge the plate at 1,500 g for 

8 seconds, then place plate in Synergy 4 plate reader and begin FP readings.

The dead time between spinning HECT ligase into solution and FP measurements is 

typically ~2 minutes. This can be expected when measuring 4 – 8 reactions during a 

given reading. The plate centrifuge should be as close to the plate reader as possible 

to minimize dead time.

For ST experiments, 5 μM HECT ligase is treated with 0.25, 0.50, 0.75, or 1.0 μM 

UbFluor and analyzed every 5 – 15 seconds by the plate reader. For MT assays, 1 μM 

HECT ligase is treated with 10, 12.5, 15, or 20 μM UbFluor and analyzed every 5 – 

20 seconds by the plate reader.

It is also important to note that in MT reactions, isopeptide ligation occurs. The 

enzyme products in this case could be di-UbFluor described previously, polyubiquitin 

chains of varied length, and autoubiquitinated HECT E3. It is thus recommended to 

analyze MT reactions at given time points with western blots using ubiquitin 

antibodies and in-gel fluorescence scanning to confirm that isopeptide ligation took 

place. We found that some HECT E3s such as WWP1 and ITCH autoubiquitinate in 

the presence of UbFluor, and some such as Rsp5 and Nedd4-1 autoubiquitinate 

poorly. This trend correlates with the observed production of free polyubiquitin 

chains – HECT domains of WWP1 and ITCH more actively produce polyubiquitin 

chains than Rsp5 and Nedd4-1 HECT domains (Krist et al., 2016).

As an orthogonal assay, it may be possible to monitor the consumption of UbFluor by 

HECT E3 and formation of HECT E3~Ub thioester using SDS-PAGE with in-gel 

fluorescence scanning or Coomassie staining under non-reducing conditions. Since 

BME and DTT cleave UbFluor thioester, do not use them in the Laemmli loading 

buffer. Typical dynamic range of the FP assay is ~100 mP.

ALTERNATE PROTOCOL 1

FLUORESCENCE POLARIZATION ASSAY WITH UBFLUOR FOR FAST 
REACTIONS – ALTERNATE TO BASIC PROTOCOL 3—This alternate protocol for 

FP assays with UbFluor allows the measurement of initial rates of UbFluor reactions that 
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occur very rapidly due to the enzyme choice, reagent concentrations, or presence of 

activating reagents or proteins. This protocol is appropriate for reactions which are 

completed on timescales as short as 3 minutes. Typically, reactions requiring this protocol 

are single-turnover reactions using a HECT E3 that is activated due to a point mutation. 

Since this protocol measures one reaction at a time, multiple repetitions of steps 4-9 are 

required for monitoring the concentration dependence of these reactions and obtaining 

kcat/KM values.

Additional Materials: None

Procedure for FP assay with UbFluor for fast reactions

1.) Except for the HECT ligase, combine all components of a given reaction (total 

volume: 25 μL) in 1.5 mL microcentrifuge tubes.

Our reactions typically contain the following components at the given final 

concentrations: 150 mM NaCl, 6 μM Tween-20, 0.5 mM TCEP, 50 mM HEPES pH 

7.5 (Use the corresponding stock solutions given in the Reagents and Solutions 

section) with 0.25 – 20 μM UbFluor.

2.) Transfer the contents of each 1.5 mL tube (all reaction components except HECT 

ligase) in the reaction series to consecutive wells in a 384-well plate.

3.) Centrifuge the plate at 1,500 g for 10 seconds.

4.) Prepare the Synergy 4 plate reader Gen5 software for FP readings of the first well 

in the reaction series (or the subsequent individual well as the protocol is repeated for 

multiple reaction conditions).

For rapid reactions, the plate reader should be set to make FP readings every 2-5 

seconds.

5.) Collect and prepare all solutions and pipettors prior to steps 6-9.

6.) Add the required amount of HECT ligase stock solution to the first well in the 

reaction series, pipetting up and down three times to ensure complete injection of the 

solution into the reaction mixture. This starts the reaction; timing of the reaction 

should begin here.

Our reactions typically contain 0.5 – 5 μM HECT ligase final concentration.

7.) Using a separate pipettor set to 15 μL, pipet the reaction mixture 5 times to fully 

mix the solution in the well, being careful not to introduce air bubbles into the 

mixture.

This step can be omitted if the HECT stock solution volume added in step 6 is large 

enough to fully mix the reaction. However, the typical HECT ligase stock solution 

concentration is >5 times the final HECT concentration, necessitating a small 

addition volume which is insufficient for complete mixing.

8.) Place plate in Synergy 4 plate reader and begin FP readings.
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The dead time between adding HECT ligase into solution and FP measurements is 

typically 10-45 seconds.

9.) Repeat steps 4-9 for each prepared reaction mixture until all reactions have been 

completed.

BASIC PROTOCOL 4

DATA ANALYSIS FOR UBFLUOR FP ASSAY—Before running any assays with 

enzyme, it is important to determine the baseline polarizations obtained with your plate 

reader for ‘intact’ vs ‘cleaved’ UbFluor. This will allow conversion of raw polarization data 

to concentration units of consumed UbFluor. Under ST conditions (0.25 – 1.00 μM 

UbFluor), we observe maximal polarization values to be ~155 mP. Under MT conditions (10 

– 20 μM UbFluor), we observe maximal polarization values to be ~138 mP. Under single 

and MT conditions, cleaved UbFluor provides polarization values ~30 mP. For a given batch 

of UbFluor, the ‘intact’ UbFluor polarization values typically do not vary by more than 2-3 

mP. We recommend using a single batch of UbFluor and HECT E3 for any experiments 

involving direct comparisons in order to minimize the effects of potential batch-to-batch 

variation.

Additional Materials: None.

Procedure for data analysis of UbFluor FP assay

1.) To determine the baseline polarization of ‘intact’ UbFluor, run a polarization 

experiment according to the method described above in Basic Protocol 3: 

Fluorescence polarization (FP) assay without enzyme or with catalytically dead 

enzyme. Observe the polarization over 30 minutes. The average of these polarization 

values can be considered the ‘intact’ polarization level.

Under MT reaction conditions, we always observe an initial slight decrease in 

UbFluor polarization signal, even in the absence of enzyme.

2.) To determine the baseline polarization of ‘cleaved’ UbFluor run a polarization 

experiment according to the method described above in Basic Protocol 3: 

Fluorescence polarization (FP) assay with the addition of 1 mM BME. Observe the 

polarization over the course of 30 minutes. The average of these polarization values 

can be considered the ‘cleaved’ polarization level. In-gel fluorescence scanning 

should also be used to confirm a complete cleavage of UbFluor in the presence of 1 

mM BME to ensure that the observed polarization corresponds to cleaved UbFluor 

product.

3.) To convert raw polarization values to units of UbFluor concentration, use the 

determined ‘intact’ and ‘cleaved’ values to build linear transformations for a given 

concentration of UbFluor. Polarization can be the independent variable (x), and 

UbFluor concentration can be the dependent variable (y). Each concentration of 

UbFluor should utilize a different equation for data transformation.
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Example: For 10 μM UbFluor, plot (138 mP, 10 μM UbFluor) and (30 mP, 0 μM 

UbFluor). Calculate the equation of a linear fit for these two points. Use this equation 

to convert raw polarization values to units of UbFluor concentration.

4.) Under pseudo-first order reaction conditions ([UbFluor]<<800 μM, KM) the 

observed rate is linear with respect to enzyme and UbFluor concentrations, so the rate 

= kobs [Enzyme][UbFluor]. Plotting UbFluor concentrations (independent variable) 

vs the rate of UbFluor consumption (dependent variable) produces a linear curve for 

both single and MT reactions. The slope of this line is kobs [Enzyme]. By dividing 

this value by enzyme concentration the value of kobs can be obtained.

REAGENTS AND SOLUTIONS: Use ddH2O from Thermo Scientific Nanopure or 

equivalent purification system

Resuspension buffer: 50 mM Tris pH 8.0, 150 mM NaCl, 0.1% Triton X-100, 1 mM DTT 

with protease inhibitor (Complete Protease EDTA-free Inhibitor Cocktail, Roche).

50 mM Tris base

150 mM NaCl

Adjust pH to 8.0 by dropwise addition of 1 M HCl

0.1 % Triton X-100 (v/v)

1 mM DTT

1 tablet Complete Protease EDTA-free Inhibitor Cocktail, Roche

Use within one day.

Ni-NTA wash buffer: 50 mM Na2HPO4/NaH2PO4 pH 8.0, 150 mM NaCl

0.47 M Na2HPO4, sodium phosphate dibasic

0.034 M NaH2PO4, sodium phosphate monobasic

150 mM NaCl

Adjust pH to 8.0 by dropwise addition of 1 M NaOH

Store for up to 1 month; check pH to ensure quality.

Ni-NTA elution buffer: 50 mM Na2HPO4/NaH2PO4 pH 8.0, 150 mM NaCl, 300 mM 

imidazole

0.47 M Na2HPO4, sodium phosphate dibasic

0.034 M NaH2PO4, sodium phosphate monobasic

150 mM NaCl
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Adjust pH to 8.0 by dropwise addition of 1 M NaOH

300 mM imidazole

Use within 1 day. May prepare from Ni-NTA wash buffer (see recipe, above), adding 

imidazole on day of use.

E1 storage buffer: 20 mM HEPES pH 8.0, 100 mM NaCl, 1 mM DTT

20 mM HEPES

100 mM NaCl

Adjust pH to 8.0 by dropwise addition of 1 M NaOH

1 mM DTT

Use within 1 day. May eliminate DTT, store up to 1 month at room temperature in a dark 

place, and add DTT to needed portion.

500 mM NaH2PO4/Na2HPO4 pH 8.0

0.47 M Na2HPO4, sodium phosphate dibasic

0.034 M NaH2PO4, sodium phosphate monobasic

Adjust pH to 8.0 by dropwise addition of 1 M NaOH

Store at room temperature for up to 1 month

Storage Buffer A: 25 mM NaCl, 12.5 mM HEPES pH 6.7

25 mM NaCl

12.5 mM HEPES

Adjust pH to 7.5 by dropwise addition of 1 M NaOH

Store at room temperature for up to 1 month in a dark place; check pH to ensure quality.

50 mM HEPES pH 6.5

50 mM HEPES

Adjust pH to 6.5 by dropwise addition of 1 M NaOH

Store at room temperature for up to 1 month in a dark place; check pH to ensure quality.

Acetonitrile/water (3:7) with 0.1 % TFA

30% v/v acetonitrile
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0.1% v/v TFA

Store indefinitely at room temperature.

DMSO/H2O 1:1

50% DMSO in water (v/v)

Use within 1 day; store solutions containing this mixture at −20°C

1 M HEPES pH 7.5

1 M HEPES

Adjust pH to 7.5 by addition of solid NaOH pellets and/or dropwise addition of 1 M NaOH

Store at room temperature for up to 1 month in a dark place; check pH to ensure quality.

Storage Buffer B: 250 mM NaCl, 12.5 mM HEPES pH 6.0

250 mM NaCl

12.5 mM HEPES

Adjust pH to 6.0 by dropwise addition of 1 M NaOH

Store at room temperature for up to 1 month in a dark place; check pH to ensure quality.

1 × PBS with 20 mM BME

137 mM NaCl

2.7 mM KCl

10 mM Na2HPO4

1.8 mM KH2PO4

Adjust pH to 7.4 if necessary

20 mM BME

Use within 1 day; may eliminate BME, store up to 1 month at room temperature in a dark 

place, and add BME to needed portion.

UbFluor Assay Buffer: 1.5 M NaCl, 500 mM HEPES pH 7.5, 10x

1.5 M NaCl

500 mM HEPES

Adjust pH to 7.5 by addition of solid NaOH pellets and/or dropwise addition of 1 M NaOH.
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Store at room temperature for up to 1 month in a dark place; check pH to ensure quality.

COMMENTARY

Background Information

Protein ubiquitination is an important posttranslational modification that regulates protein 

stability, activity, and localization. Approximately 800 ubiquitin enzymes regulate the 

ubiquitination state of some ~19,000 substrates, and represent a vast and unexplored area of 

the druggable genome (Kim et al., 2011). The drug discovery potential of the ubiquitin 

system is comparable to that of three other families: kinases (~500 known), proteases (~600 

known), and GPCRs (~800 known). One unique feature of the ubiquitin cascades is their 

inherent complexity since ubiquitin conjugation requires three enzymes: E1, E2, and E3s. 

The situation is further complicated because ~300 Cullin-RING E3s are multi-subunit 

ligases (Bennett et al.). HECT E3 ligases are the simplest and most well characterized E3 

ligases that harbor a catalytic cysteine that accepts ubiquitin from an E2~Ub thioester 

(Scheffner et al., 1995). The resulting HECT E3~Ub thioester can ligate ubiquitin onto the 

lysine of a protein substrate. Recent studies suggest that genetic inactivation of HECT E3s is 

associated with either abnormal phenotypes in mice or disease related phenotypes in humans 

(Table 1).

Given the involvement of HECT E3s in biology, significant efforts are directed toward 

identifying substrates of HECT E3s to uncover biological pathways they regulate (Persaud et 

al., 2009), and to develop chemical probes that target these E3s to validate them as drug 

targets (Cao et al., 2014; Peter et al., 2014). Importantly, small molecule probes for HECT 

E3s can be used to identify substrates of E3 ligases using quantitative proteomics methods 

(Kim et al., 2011). Pharmacological inhibition of an E3 ligase should cause a decrease in the 

ubiquitination of direct downstream substrates of that E3. These changes can be detected 

upon immunoprecipitation of ubiquitinated peptides with GGK-antibodies upon trypsin 

digestion of cell lysates. This strategy was used to identify protein substrates of Cullin-

RING E3 ligases using an inhibitor of Culling-RING E3 MLN4924 (Kim et al., 2011).

Thus, the discovery and development of small molecule probes for HECT E3s will serve 

dual purposes: a) small molecule probes can be coupled with quantitative proteomics to 

identify protein substrates of HECT E3s, and b) these small molecules can be used as tool 

compounds to validate HECT E3s as drug targets.

One challenge associated with the discovery of chemical probes of HECT E3s is the 

complexity of enzymatic assays, which translate into difficulties during high-throughput 

screening, and subsequent SAR and dose-response studies. A typical enzymatic reaction 

requires E1, E2, HECT E3 enzymes, ubiquitin, and ATP. Furthermore, during the reaction 

three covalent enzyme intermediates are produced: E1~Ub, E2~Ub, and E3~Ub thioesters. 

Some assays measure the quantity of polyubiquitin chains with Tandem Ubiquitin Binding 

Entities (TUBEs). Overall, at least six reagents must be used in the assay, which create 

substantial operational complexity and add cost during large scale high-throughput screening 

or SAR studies. Furthermore, false positive hits may arise due to off-target inhibition of E1 

and E2 enzymes or their respective thioesters. Such an assay is also not convenient for 
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academic laboratories, especially in cases when many alanine mutants of HECT E3s need to 

be tested (Kamadurai et al., 2013). Western blot quantitation can be complicated and may 

require optimization by adjusting the concentrations of ATP, Ub, E1, E2, and HECT E3 

enzymes. Thus it is clear that a simple two-component assay to measure HECT E3 ligase 

activity upon biochemical point mutations, or incubation with small molecules would be 

advantageous.

One approach to develop such assays relies on Ubiquitin-vinylmethyl ester (Ub-VME) 

activity-based probes and their analogues. Ub-VME were originally developed as activity-

based probes for deubiquitinating enzymes (DUBs) in vitro and in cell lysates (Borodovsky 

et al., 2002). These probes are suicide inhibitors that bind deubiquitinating enzymes and 

react covalently and irreversibly with the catalytic cysteine. These probes were successfully 

used to covalently label DUBs in cell lysates leading to the discovery of previously unknown 

DUBs. Since HECT E3s have a catalytic cysteine, two known Ub binding sites, and form 

covalent HECT E3~Ub thioester intermediates, it is rational to propose that Ub-VME probes 

can be used to label the catalytic cysteine of HECT E3s. Accordingly, it is possible to screen 

for small molecule inhibitors that prevent Ub-VME labeling of HECT catalytic cysteines in 

simple competition assays. Indeed, it was shown that this strategy can be used to covalently 

label HECT E3s in cell lysates and in vitro (Love et al., 2009). However, Ub-VME and its 

analogues are stoichiometric suicide inhibitors and cannot be used in functional enzymatic 

assays.

To develop more relevant probes for HECT E3s we developed the fluorescent C-terminal 

ubiquitin thioesters UbFluor (Krist et al., 2016). Chemically, these probes are similar to Ub-

VME yet fundamentally different. Ub-VME is a suicide inhibitor of DUBs and HECT E3s, 

and upon labeling the catalytic cysteine form a catalytically inactive complex. UbFluor and 

its non-fluorescent analogue Ub~MES, on the other hand, undergo a transthiolation reaction 

with the catalytic cysteine of HECT E3s and form a catalytically active HECT E3~Ub 

thioester, which can ligate ubiquitin onto the lysine of a protein substrate (Figure 5). In its 

essence, this is the first example of ATP-, E1-, and E2-independent protein ubiquitination 

reactions in vitro (Park et al., 2015), and recently an E1- and E2-independent ubiquitination 

reaction was discovered in L. Pneumophila (Qiu et al., 2016). As of today, technicians in 

other academic laboratories and core facilities have been producing UbFluor, and are using 

UbFluor in biochemical assays and high-throughput screens to discover chemical probes of 

HECT E3 ligases. We envision that the simplicity and robustness of these assays should 

facilitate rapid training of high-throughput screening personnel in academic and industrial 

laboratories. It is important to note that besides HECT E3s (~28 known), there are ~14 Ring-

Between-Ring E3s that also bear a catalytic cysteine (Dove et al., 2016), and ~30 bacterial 

E3 ligases that are known to form the covalent E3~Ub thioester intermediates (Hicks and 

Galan, 2010). Most likely, UbFluor can be used to monitor the enzymatic activity of and 

screen for small molecule inhibitors of these E3 ligases as well. Further applications of 

UbFluor probes in enzymatic studies and high-throughput screening assays for HECT E3s 

and other E3s will be reported elsewhere.
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Critical Parameters

Since UbFluor is a thioester, assays must be strictly run in the absence of free thiol such as 

DTT or BME, which will cleave the thioester between Ub and fluorescein. UbFluor is stable 

in the presence of another reducing reagent, TCEP. Thus, when there is a need to use 

reducing agent with UbFluor, TCEP should be the reagent of choice. UbFluor is generally 

stable in the presence of 100 mM of lysine. In addition, caution should be exercised when 

small molecules are screened against HECT E3 ligase using UbFluor: if such small 

molecules have thiol or amine groups they may cleave UbFluor even in the absence of 

HECT E3.

Some small molecules and biological reagents can also cause an increase in fluorescence 

polarization over time. We observed that bovine serum albumin increases polarization of 

UbFluor in a time-dependent manner. Fluorescent small molecules may also disrupt 

fluorescence polarization readings; thus, such molecules should be excluded from use in 

UbFluor assays as modulators or labeling agents.

Troubleshooting

Issue: FluorSH does not dissolve in conjugation solution containing Ub~MES.

Possible solutions:

-Make sure to HPLC-purify FluorSH.

- Add more saturated NaHCO3 or DMSO (about 10 μL of either)

Issue: The blank (no enzyme sample) demonstrates a slight drop in polarization over the first 

10-20 minutes of reaction.

Possible solution:

−This is a common phenomenon that we have observed and is typically more pronounced 

under MT conditions than ST conditions. Using a higher concentration of enzyme may help 

if reactions are difficult to distinguish from the blank.

Issue: More than 90% of UbFluor is consumed before the FP measurement begins.

Possible solution:

-Use a lower concentration of ligase in the reaction or utilize the Alternate Protocol 1 

‘Fast’ protocol.

Anticipated Results

Basic Protocol 1 will provide sufficient UBE1 enzyme that can be stored and used to 

chemoenzymatically produce Ub~MES. Basic Protocol 2 will produce sufficient quantities 

of FluorSH than can be stored and used when needed for conjugation to Ub~MES to 

produce UbFluor. Basic Protocol 2 will also produce the required amounts of UbFluor for 

fluorescence polarization studies. Basic Protocol 3 will establish proper reaction conditions 

to measure the progress of the enzymatic reaction between HECT E3 and UbFluor, and 
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establish a framework for enzyme kinetic studies. Furthermore, the developed conditions can 

be used to establish HTS assays to screen for chemical probes for HECT E3s. Basic protocol 

4 will make the user familiar with data analysis and interpretation. Our typical rates under 

ST reaction conditions are 0.03 μM/min (5 μM HECT E3, 0.25 – 1 μM UbFluor) and under 

MT reaction conditions are 0.15 μM/min (0.5 μM HECT E3, 5-20 μM UbFluor) (Figure 

6-7).

Time Considerations

For typical experiments with HECT ligase, assays are run in the presence of upstream E1 

and E2 enzymes, ATP and ubiquitin. Assembling these components and maintaining 

laboratory stocks can be time consuming and expensive. UbFluor, on the other hand, allows 

a simple, two-component reaction that can be monitored by fluorescence polarization, 

obviating the need for more labor intensive SDS-PAGE gels.

Preparation of UBE1 enzyme should require 3-5 days, and the subsequent preparation of 

Ub~MES requires one day for synthesis and FPLC size exclusion purification. Conjugation 

of FluorSH to Ub~MES should require 1-2 days for the reaction and subsequent purification. 

A skilled chemist can complete the synthesis of FluorSH in 7-10 days.

30-60 minutes should be allowed to prepare a set of UbFluor reactions for FP measurement. 

Data analysis can require several hours to days depending on the size of the dataset.
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Figure 1. 
A) Synthesis of UbFluor from Ub~MES. B) UbFluor reacts with HECT E3 ligase through 

transthiolation (k1) to produce HECT E3~Ub thioester and liberates FluorSH. Clearance of 

HECT E3~Ub can be accomplished through isopeptide bond ligation. If there are defects in 

transthiolation or isopeptide ligation steps, consumption of UbFluor will be inhibited under 

MT reaction conditions, i.e. 10 to 20-fold excess of UbFluor over enzyme.
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Figure 2. 
Chemoenzymatic synthesis of Ub~MES. Ubiquitin is incubated with E1 enzyme in the 

presence of ATP and 100 mM 2-mercaptoethanesulfonic acid sodium salt (MESNa). The 

initially formed E1~Ub thioester reacts with MESNa, producing Ub~MES and regenerated 

E1 enzyme.
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Figure 3. 
Synthesis of FluorSH, 4
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Figure 4. 
Synthesis of UbFluor.
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Figure 5. 
Fundamental differences between the previously described electrophilic Ub-VME probes 

and novel C-terminal fluorescent UbFluor probes. A) Ub-VME is a suicide inhibitor of 

HECT E3 ligases and thus is a stoichiometric reagent, which does not allow enzyme kinetic 

studies. B) Fluorescent C-terminal ubiquitin thioesters UbFluor undergo an efficient 

transthiolation reaction with the catalytic cysteine of HECT E3, generating the catalytically 

active HECT E3~Ub thioester that can transfer the ubiquitin onto the acceptor lysine. 

UbFluor enables enzymatic assays, and detects defects in both transthiolation (k1) and 

isopeptide ligation (k2) steps. UbFluor-based assays are robust, simple, fast, and amenable to 

high-throughput screening (384-well plates). Only two components are required (UbFluor 

and HECT E3), which stand in sharp contrast to commercially available assays for HECT 

E3s that require at least 8 reagents– ATP, Ub, E1, E2, HECT E3, and three detection 

reagents based on TUBEs to quantify the amount of polyubiquitin chains.

Krist et al. Page 33

Curr Protoc Chem Biol. Author manuscript; available in PMC 2018 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
A bimolecular rate constant can be obtained from ST conditions. (A) Raw polarization data 

from a ST experiment with WT Rsp5 HECT: Rsp5 HECT (5 μM) with UbFluor (0.25 (blue), 

0.50 (red), 0.75 (green), 1.00 μM (purple). Measurements were taken every 6 seconds for 3 

minutes, at which point 20% of available UbFluor had been consumed. (B) Polarization 

values from (A) are converted to concentrations of UbFluor according to Table S1. (C) 

Slopes from the lines in (B) and from a replicate experiment performed at the same enzyme 

and UbFluor concentrations are plotted against UbFluor concentrations. The resulting slope 

of the line (kobs = 0.041655 min-1) is converted into the bimolecular rate by dividing by 

enzyme concentration and 60 sec/min. (D) The same procedure described for (A – C) is 

performed for the catalytically inactive mutant Rsp5 HECT C777A. For plots in (C) and (D), 

error of bimolecular rate was calculated using the “linest” function in Microsoft Excel to 

specify the error in the slope. The R2 values for linear trendlines in panel A are > 0.90. Data 

in panel A appear more scattered than in panel B because of the y-axis scale difference. 

Measurement of UbFluor consumption at each of four UbFluor concentrations was 

performed twice (8 total measurements). All data points are shown in (C) and (D). 

Reproduced from (Krist et al., 2016).
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Figure 7. 
A bimolecular rate constant can be obtained from MT conditions. (A – C are also given as 

main text Figure 5). (A) Raw polarization data from a MT experiment with WT Rsp5 HECT: 

Rsp5 HECT (1 μM) with UbFluor (10 (blue), 12.5 (red), 15 (green), 20 μM (purple)). 

Measurements were taken every 20 seconds for 15 minutes. (B) Polarization values from (A) 

are converted to concentrations of UbFluor according to Table S1. (C) Slopes from the lines 

in (B) and from a replicate experiment performed at the same enzyme and UbFluor 

concentrations are plotted against UbFluor concentrations. The resulting slope of the line 

(kobs = 0.009067 min-1) is converted into the bimolecular rate by dividing by enzyme 

concentration and 60 sec/min. (D) The same procedure described for (A – C) is performed 

for the catalytically inactive mutant Rsp5 HECT C777A. For plots in (C) and (D), error of 

bimolecular rate was calculated using the “linest” function in Microsoft Excel to specify the 

error in the slope. Measurement of UbFluor consumption at each of four UbFluor 

concentrations was performed twice for WT (8 total measurements), and was performed 5 

times for C777A (20 total measurements). All data points are shown in (C) and (D). 

Reproduced from (Krist et al., 2016)
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Table 1

Connection between genetic inactivation of HECT E3s and mouse/human phenotypes.

HECT E3 Mouse Phenotype Human Phenotype

Gene: UBE3A
Protein: E6AP

Deletion of maternal copy of
UBE3A impairs synapse
development and plasticity.
Angelman syndrome
phenotypes: motor
dysfunction, inducible
seizures, impaired long term
potentiation (Jiang et al., 1998;
Miura et al., 2002).

Angelman Syndrome: Deletion or
inactivating missense mutation of maternal
UBE3A allele (chromosome 15q11-q13)
(Albrecht et al., 1997; Jiang et al., 1999;
Kishino et al., 1997).
Autism: duplication or triplication of
maternally inherited chromosome 15q11-
q13 (Veenstra-VanderWeele et al., 1999).
Missense mutation of T485A, that abrogates
inhibitory phosphorylation of UBE3A by
protein kinase A (Yi et al., 2015).
Cervical cancer: E6AP (UBE3A) is highjacked
by a high risk HPV 16 and 18 viruses
that produce E6 protein. E6 protein binds E6AP
ligase and p53, promoting
polyubiquitination and proteasomal
degradation of p53(Scheffner et al., 1993b).

ITCH ITCH−/− mice: skin scratching,
severe immune disease
resulting in death at 4-6
months. Alveolar proteinosis
and interstitial inflammation
in lungs, lymphoid
hyperplasia (Hustad et al., 1995;
Perry et al., 1998).
Protection from diet induced
obesity (Marino et al., 2014).

Homozygous truncating mutations in ITCH in
humans are associated with organomegaly,
failure to thrive, developmental delay,
dysmorphic features, and autoimmune
inflammatory cell infiltration of the lungs,
liver, and gut (Lohr et al., 2010).

Nedd4-1 Nedd4-1−/− mice: death at
birth, body weight 65% less
than that of wild type
(Cao et al., 2008).
Nedd4-1 +/− mice: fertile and
viable, protection from diet
induced obesity. Glucose
tolerant, reduced insulin
sensitivity. Less lipid
accumulation and accelerated
adipose lipolysis. Decreased
long-term spatial memory
(Li et al., 2015).
Mechanism: positive
regulator of Insulin and IGF-1
growth pathway. Inactivates
PTEN that dephosphorylates
tyrosine of IRS-1
(Shi et al., 2014).

N/A

Nedd4-2,
Nedd4L

Nedd4-2−/− mice: Develop
normally, size is similar to wt
mice. Lungs have collapsed
alveolar spaces and fail to
inflate to a functional level.
Turn blue upon birth, short
gasping breath, die 10-60 min
after revival. Increased ENaC
expression in lungs, kidneys,
which leads to premature
lung fluid clearance, and a
failure to inflate the lungs
causing respiratory distress
and perinatal lethality. Nedd4-2−/− survivors (4.2%)
die after 22 days. Lungs are
infiltrated with inflammatory
cells such as macrophages
and neutrophils
(Boase et al., 2011).

Lyddle Syndrome, chronic hypertension.
Mutations in PY motif of ENaC that prevent
its binding to WW domains of Nedd4-2 and
ubiquitination (Schild et al., 1996).
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HECT E3 Mouse Phenotype Human Phenotype

Nedd4-2-/+ mice: increased
blood pressure at normal salt
diet (0.3% Na+) 109.4 mm Hg
vs 87.1 mm Hg in wild type
(Boase et al., 2011).

ARF-BP1
MULE
HUWE1

ARF-BP1−/− mice: embryonic
lethality, hemorrhage in the
abdominal region by E14.5.
Activation of p53 and caspase
cleavage (Kon et al., 2012).
Mice with ARF-BP1−/− knock
out in pancreatic β-cells: loss
of pancreatic β-cells with age,
hyperglycemia and insulin
deficiency. Diabetic
conditions are rescued with
the concomitant deletion of
p53 in pancreatic β-cells
(Kon et al., 2012).
Known substrate: p53

Missense mutations of HUWE1 are
associated with the phenotypic severity in a
case of familial idiopathic intellectual
disability (Isrie et al., 2013). Copy-number
gains of HUWE1 are associated with
nonsyndromic intellectual disability
(Froyen et al., 2012). Duplication or mutations of
HUWE1 is associated with mental
retardation (Froyen et al., 2008).
Mutation of HUWE1 was found in
hepatocellular carcinoma patient (Liu et al., 2012).

Curr Protoc Chem Biol. Author manuscript; available in PMC 2018 March 02.


	Abstract
	INTRODUCTION
	STRATEGIC PLANNING
	BASIC PROTOCOL 1
	E1 ENZYME UBA1 EXPRESSION
	Materials
	REAGENTS
	EQUIPMENT AND MATERIALS

	Procedure for E1 enzyme UBE1 expression


	BASIC PROTOCOL 2
	SYNTHESIS OF UbFluor
	Materials
	REAGENTS
	MATERIALS AND EQUIPMENT

	Procedure for Ub~MES synthesis
	Procedure for synthesis of fluorescein thiol (FluorSH; Figure 3)
	Procedure for synthesis of trityl-protected cysteamine, 2
	Procedure for synthesis of trityl-protected fluorescein thiol, 3
	Procedure for deprotection of trityl-protected fluorescein thiol to provide FluorSH, 4
	
Procedure for synthesis of UbFluor (
Figure 4
)

	Procedure for determining UbFluor concentration



	BASIC PROTOCOL 3
	FLUORESCENCE POLARIZATION ASSAY WITH UBFLUOR
	Materials
	REAGENTS
	EQUIPMENT AND MATERIALS

	Procedure for FP assay with UbFluor


	ALTERNATE PROTOCOL 1
	FLUORESCENCE POLARIZATION ASSAY WITH UBFLUOR FOR FAST REACTIONS – ALTERNATE TO BASIC PROTOCOL 3
	Additional Materials
	Procedure for FP assay with UbFluor for fast reactions


	BASIC PROTOCOL 4
	DATA ANALYSIS FOR UBFLUOR FP ASSAY
	Additional Materials
	Procedure for data analysis of UbFluor FP assay
	REAGENTS AND SOLUTIONS



	COMMENTARY
	Background Information
	Critical Parameters
	Troubleshooting
	Anticipated Results
	Time Considerations

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1

