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Abstract

Ubiquitin chains regulate distinct signaling events through cooperative interactions with effector 

proteins and deubiquitinases. Measuring the strength of these interactions is often challenging; 

either large amounts of material are required or one of the binding partners must be labeled for 

detection. We sought to develop a label-free method for measuring binding of ubiquitin chains to 

the proteasome-associated deubiquitinase UCH37 and its binding partner RPN13. The method we 

describe here is based on a fluorescence polarization competition (FPcomp) assay in which 

fluorescent monoubiquitin is competed off the UCH37•RPN13 complex by the addition of an 

unlabeled ubiquitin chains. We show that the UCH37•RPN13 complex displays higher affinity 

toward chains with more than two ubiquitin subunits. Removing the ubiquitin-binding PRU 

domain of RPN13 does not change affinities. These results suggest UCH37•RPN13 acts to 

selectively recruit proteins modified with long chains (>2 subunits) to the proteasome for 

degradation. We also demonstrate that the FPcomp assay is suitable for high-throughput screening, 

which is important considering both UCH37 and RPN13 are potential targets for cancer therapy.

Introduction

Protein ubiquitination is a post-translational modification process that orchestrates almost 

every cellular pathway, including protein degradation, DNA repair, and cell communication 

[1, 2]. Ubiquitin (Ub) is covalently attached to substrate proteins through a series of 

enzymatic reactions and removed by a class of isopeptidases referred to as deubiquitinases 

or DUBs. Similar to glycosylation, Ub can modify itself during multiple rounds of 

conjugation in the form of Ub chains [2]. There are several ways in which chain formation 

can occur owing to the eight amino groups: Met1, Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, 

and Lys63. Specific chains are recognized by effector proteins (i.e., proteins containing Ub-

binding domains) and DUBs, resulting in precise control over signaling pathways [3,4]. 
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Understanding how the information embedded in different chains is translated into different 

biological outcomes is key to defining the ‘Ub code’.

Measuring interactions between Ub chains and their binding partners is, however, rather 

challenging. Common methods for characterizing these interactions include isothermal 

titration calorimetry (ITC), surface plasmon resonance (SPR), and fluorescence 

spectroscopy [5–8]. In the context of Ub chains and their interactions with Ub-binding 

proteins (UBPs), each of these methods has their drawbacks. ITC requires large amounts of 

material, which is often difficult to achieve with chains longer than two subunits. SPR has 

the issue of protein immobilization, which can adversely affect native interactions and 

requires immobilization tags on either the Ub chain or UBP. Similarly, fluorescence-based 

approaches necessitate the introduction of fluorophore tags, which can also incur non-native 

binding properties.

To circumvent these issues, we sought to devise a new method for measuring interactions 

between Ub chains and UBPs. The method described herein is based on a fluorescence 

polarization competition (FPcomp) assay [9]. FPcomp starts with a high-polarization state in 

which fluorophore-labeled Ub is bound to a UBP. Titrating in unlabeled Ub then leads to a 

decrease in polarization as the labeled Ub is forced to dissociate. The resulting titration 

curve yields an inhibitory constant, which can be treated as an apparent dissociation constant 

(Ki). Performing the same experiments with unlabeled Ub chains instead of mono-Ub then 

furnishes a range of Kis whose differences can be correlated with chain length. While this 

method still utilizes a fluorophore-tagged Ub derivative, the Ub chains themselves are 

unlabeled. Thus, the FPcomp assay retains the sensitivity of fluorescence measurements and 

allows comparisons in binding interactions between label-free chains.

To explore the utility of our FPcomp assay, we chose the Ub C-terminal hydrolase UCH37 

also known as UCHL5 [10]. UCH37 is a cysteine-dependent DUB involved in regulating 

several fundamental cellular processes such as cell cycle progression, genome stability, cell 

migration, and TGF-β signaling [11–14]. Most of these cellular functions have been ascribed 

to the ability of UCH37 to interact with two distinct multi-subunit complexes: the 26S 

proteasome and the INO80 chromatin remodeling complex [15]. The UBP RPN13/ADRM1 

recruits UCH37 to the proteasome and INO80G/NFRKB interacts with UCH37 in the 

INO80 complex [15–19]. RPN13 and INO80G have opposing effects on UCH37; RPN13 

activates UCH37 toward model mono-Ub substrates and INO80G acts as an inhibitor.

Structural studies have revealed Ub binding sites in both UCH37 and RPN13. UCH37 

engages Ub through a large surface exposed region (~2300 Å2) of the catalytic UCH domain 

[20, 21]. By binding the C-terminal UCH37-like domain (ULD) of UCH37, the C-terminal 

DEUBAD domain of RPN13 enhances the interaction between Ub and the UCH domain. 

RPN13 also contains an N-terminal pleckstrin-like receptor for Ub (PRU) domain that 

preferentially binds Lys48 di-Ub over mono-Ub [22]. Based on the presence of multiple Ub-

binding domains, we speculated that the UCH37•RPN13 complex could exhibit high affinity 

toward Ub chains. Using the FPcomp assay we discovered that a catalytically dead variant of 

the UCH37•RPN13 complex (UCH37C88A•RPN13) does indeed favor Ub chains over 

mono-Ub; chains with more than two subunits are preferred. What is surprising, however, is 
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that in the absence of the PRU domain of RPN13, the UCH37C88A•RPN13DEUBAD 

complex still exhibits a strong preference for longer Ub chains. Indeed, the binding affinities 

we measured by FPcomp are quite similar for both UCH37-containing complexes. Lastly, we 

show that the FPcomp assay can be applied in a high-throughput manner for the purpose of 

identifying inhibitors. This is important considering both UCH37 and RPN13 have emerged 

as cancer targets [23–25].

Materials and Methods

Cloning, protein expression and purification

Site directed mutagenesis was performed to generate catalytically inactive UCH37 (UCH37 

C88A) and the Ub cysteine variants Ub K6C, Ub K11C, Ub K29C, Ub K48C and Ub K63C. 

The gene encoding UCH37 C88A was cloned into pVP16 vector with 8×His MBP tag and 

TEV protease cleavable site. 6×His-tagged RPN13 was expressed from a pGXT4 vector. 

UCH37 C88A and RPN13 were co-purified using amylose resin and Ni2+ affinity column 

chromatography, followed by size exclusion chromatography with a HiLoad 26/60 Superdex 

200 column prep grade column (GE Healthcare). Ub variants were expressed and purified as 

previously described [26].

Synthesis and purification of Ub chains

Lys48-linked ubiquitin chains were prepared using the E1 activating enzyme UBA1 and the 

E2 conjugating enzyme UBE2R1 in buffer containing 40 mM Tris-HCl pH 8, 50 mM NaCl, 

10 mM ATP, 5 mM MgCl2 and 0.6 mM DTT. Ub monomer, dimer, trimer and tetramer were 

separated by size exclusion chromatography using a HiLoad 26/60 Superdex 75 prep grade 

column (GE Healthcare).

Synthesis of fluorescein-labeled Ub

Ub was labeled with 5-iodoacetamido-fluorescein (5-IAF). The iodoacetamido group of 5-

IAF allows it to react with free sulfhydryl groups to form stable thioether bonds. Labeling 

reactions were performed by dissolving a Ub cysteine variant (0.2 mM) and 5-IAF (1 mM) 

in a buffer containing 50 mM HEPES pH 7.4, 25 mM KCl, 5 mM MgCl2, 1mM TCEP and 

10% DMSO. The reaction mixture was then incubated at 37°C and monitored by MALDI-

TOF. After the reaction reached completion, unreacted 5-IAF was quenched by adding an 

aqueous solution of 10 mM DTT. The resulting mixture was buffer exchanged into H2O. The 

crude Ub-fluorescein conjugate was purified using a combination of a desalting spin column 

to remove free 5-IAF and reverse-phase HPLC.

Concentration determination

The concentration of Ub-fluorescein was determined by measuring fluorescein absorbance 

at 494 nm using an extinction coefficient (ε) of 68,000 M−1 cm−1. For unlabeled mono-Ub 

and Ub chains, BCA assays were performed. In each case, Ub standards were prepared by 

dissolving known amounts of lyophilized Ub into 50 mM Tris-HCl pH 7.5.
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Fluorescence polarization binding assay

Complexes containing catalytically inactive UCH37 (UCH37C88A•RPN13 and 

UCH37C88A•RPN13DEUBAD) were serial diluted using the FP buffer (50 mM Tris-HCl pH 

7.5, 150 mM NaCl, 1 mM DTT, 0.01% Brij-35) into a 384-well, black nonbinding 

polystyrene plate (Corning). A fixed concentration of Ub-fluorescein (50 nM) was then 

added into each well. Fluorescence polarization (FP) was measured after a 1 h incubation at 

25 °C using plate reader (Biotek Snergy 2) with polarized filters and optical modules for 

fluorescein (λex = 480 nm, λem = 535 nm). FP values (mP) were calculated from raw 

parallel and perpendicular fluorescence intensities. Graphpad Prism 6.0 was used to fit the 

data into eq. 1 and the equilibrium dissociation constant Kd was calculated as previously 

described [27]. In this equation, total FP is dependent on the fluorescent molar emissivity 

ratio (Q), which corresponds to the ratio of bound to unbound Ub-fluorescein. [Ub*]tot = 

[Ub-fluorescein]tot

mPread

=
(min mP · [Ub∗]tot + ([Ub∗]tot + [DUB]tot + Kd −

([Ub∗]tot + [DUB]tot + Kd)2 − 4 · [Ub∗]tot · [DUB]tot
2 ) · (mPbound − mP free)

[Ub∗]tot + ([Ub∗]tot + [DUB]tot + Kd −
([Ub∗]tot + [DUB]tot + Kd)2 − 4 · [Ub∗]tot · [DUB]tot

2 ) · (Q − 1)

(eq.1)

where

Q = total intensity (bound)
total intensity ( free)

Fluorescence polarization-based competition assay and data analysis

FP assays require a large molecular weight difference between an unbound fluorescent 

protein and a bound protein. This criterion is satisfied with mono-Ub and 

UCH37C88A•RPN13, but not when Ub chains are the binding partner. To then use FP to 

measure the binding of Ub chains to UCH37C88A•RPN13 and 

UCH37C88A•RPN13DEUBAD, we turned to a FP competition (FPcomp) assay in which the 

binding ability of Ub-fluorescein is still measured but in the presence of an unlabeled 

competitor. A decrease in FP occurs because unlabeled mono-Ub and Ub chains compete 

with Ub-fluorescein for binding UCH37C88A•RPN13 and UCH37C88A•RPN13DEUBAD. 

To setup the assay, either mono-Ub (800 μM) or a Lys48-linked Ub chain of a specified 

length (400 μM) is first serial diluted into a 384-well plate. A fixed concentration of 

UCH37C88A•RPN13 (15 μM) or UCH37C88A•RPN13DEUBAD (20 μM) along with Ub-

fluorescein (50 nM) was then added. The resulting mixture was equilibrated for 1 h at 25 °C 
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prior to measuring FP. The data was fit to eq. 2 using Graphpad Prism 6.0 as described 

previously [9, 28]. The Kd2 is nominally an apparent dissociation constant (Kd,App) for the 

individual competitors. Kd1 is the dissociation constant for Ub-fluorescein binding. [Ub*]tot 

= [Ub-fluorescein]tot; [Ub]tot = [unlabeled Ub]tot.

mPread =
2 (a2 − 3b) cos θ

3 − a (mPbound − mP free)

3Kd1 + 2 (a2 − 3b) cos θ
3 − a

(eq.2)

where

a = Kd1 + Kd2 + [Ub*]tot + [Ub]tot − [DUB]tot

b = Kd1([Ub]tot − [DUB]tot) + Kd2([Ub*]tot − [DUB]tot) + Kd1Kd2

θ = arccos −2a3 + 9ab − 27c

2 (a2 − 3b)3

c = −Kd1Kd2[DUB)tot

Results and Discussion

We aimed to develop a method with low material consumption that allows measurement of 

binding strengths between Ub chains and ubiquitin binding proteins (UBPs). These efforts 

led to a fluorescence polarization competition (FPcomp) assay in which unlabeled ubiquitin 

chains compete with fluorophore-labeled mono-Ub (Ub-fluorescein) for binding UBPs 

(Figure 1). As our model system, we focused on the proteasome-associated DUB UCH37 

and its partner protein RPN13, which has an N-terminal PRU domain capable of binding Ub 

with low affinity. The UCH37•RPN13 subcomplex of the proteasome is thought to process 

substrates tagged with Ub chains and is a potential cancer target.

Tracer design and assay optimization

To minimize the amount of protein and tracer required for a strong FP signal, it is crucial for 

the tracer to bind with relatively high affinity to its target. Previous studies have shown that 

the UCH37•RPN13DEUBAD complex binds mono-Ub with a dissociation constant (Kd) in 

the low μM range. Thus, we surmised that a fluorescent mono-Ub derivative could be used 

as a tracer in competition binding assays. To test this, several Ub cysteine variants (K6C, 

K11C, K29C, K48C, and K63C) were labeled with fluorescein and purified. Varying 

amounts of the catalytically inactive UCH37C88A•RPN13 complex were then titrated into 

solutions containing each fluorescein-labeled Ub derivative. The data show that fluorescein-

labeled Ub K48C (Ub K48C-Fl) binds UCH37C88A•RPN13 significantly tighter than the 

other variants (Figure 2), with a change in FP signal between the unbound and bound states 

of 121 ± 2 mP units. Using 50 nM of the tracer, we obtained Kds of 2.4±0.4 and 3.4±0.7 μM 

for binding UCH37C88A•RPN13 (Figure 3A and Table 1) and 

UCH37C88A•RPN13DEUBAD (Figure 3B and Table 2), respectively. These values are nearly 

identical to those obtained using orthogonal methods. For example, using ITC, Ub-Gly-Ser-
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Thr binds UCH37•RPN13DEUBAD with a Kd of 4.5 μM, and stopped-flow fluorescence 

measurements have shown that Ub-Lys-Gly-TAMRA binds UCH37•RPN13DEUBAD with a 

Kd of 2.3 μM [19].

Competition FP assay

After establishing an FP assay that affords Kds close to those reported using different 

methods, we shifted our attention to a competition FP assay in which unlabeled Ub chains 

compete with the tracer for binding. Affinities of the unlabeled competitors were quantified 

as apparent dissociation constants (Ki), which we calculated from inhibition curves. 

Unlabeled mono-Ub competes with the Ub K48C-Fl tracer for binding 

UCH37C88A•RPN13 (Figure 4A) and UCH37C88A•RPN13DEUBAD (Figure 4B); Ki values 

of 7.8±0.2 and 2.5±0.9 μM were calculated for binding of mono-Ub to 

UCH37C88A•RPN13 (Table 1) and UCH37C88A•RPN13DEUBAD (Table 2), respectively. 

Unlabeled mono-Ub therefore binds the two complexes with similar affinity as Ub K48C-Fl, 

indicating that the fluorophore does not contribute to the binding energy, and more 

importantly, the FPcomp assay can inform on the binding constants for unlabeled Ub chains.

We then explored longer chains as competitors. Titrating in unlabeled Lys48-linked di-Ub 

(Lys 48 Ub2) reveals a decrease in Ki with UCH37C88A•RPN13 (Figure 4A and Table 1), 

but not with UCH37C88A•RPN13DEUBAD (Figure 4B and Table 2). Using Lys48 Ub3, we 

observed a marked increase in affinity toward both complexes; with UCH37C88A•RPN13 

the Ki decreases by nearly an order of magnitude to 0.14±0.08 μM relative to Lys48 Ub2, 

and with UCH37C88A•RPN13DEUBAD the Ki decreases by 6-fold to 0.3±0.1 μM. Addition 

of a fourth subunit further enhances binding affinity by 2- to 3-fold compared to Lys48 Ub4. 

These results indicate that increasing the valency of a Lys48 chain by increasing chain 

length leads to more avid binding. Interestingly, this holds true regardless of whether the Ub-

binding PRU domain is present in RPN13, suggesting there is little cooperation between the 

PRU domain and UCH37. Thus, high avidity is likely to manifest from either multiple Ub 

binding sites on UCH37 or oligomerization of UCH37.

Assay quality assessment

With growing interest in targeting the UCH37•RPN13 subcomplex of the proteasome to 

prevent tumorigenesis [29], we wanted to assess the suitability of the FPcomp assay in a high-

throughput format. To this end, we examined the FP signal of different concentrations of the 

Ub K48C-Fl tracer in the absence of UCH37-containing complexes. The mP value does not 

change between 3 and 200 nM of the tracer (Figure 5). Since the tracer concentration used in 

our standard assay format is within this range (50 nM), these results demonstrate that the FP 

signal should not be affected by fluctuations in concentrations between separate assays. We 

then performed a Z′ factor test, which measures the difference in signal between the free 

and bound tracer across the complete 384-well plate (Figure 6). Typically, a Z′ factor 

between zero and 0.5 indicates a small separation between the high and low values [30]. The 

ideal situation is for the Z′ factor to be greater than 0.5. We calculated a Z′ factor of 0.51, 

which indicates the assay is robust enough for high-throughput screening.
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Conclusion

Here, we report on a FPcomp assay for measuring the binding affinity between a 

deubiquitinase complex, UCH37•RPN13, and unlabeled mono-Ub or Ub chains. The FPcomp 

assay overcomes many of the limitations of conventional binding measurements; there is low 

sample consumption, high sensitivity, and fluorophore labeling is only required for the 

tracer, not the actual Ub derivative of interest. We also demonstrate that this assay can be 

used for high-throughput screening, which is not feasible with other label-free techniques, 

e.g., ITC. Using this FPcomp assay, we discovered that UCH37 has a higher affinity towards 

longer Ub chains. This is significant, as it suggests UCH37 in collaboration with RPN13 

could play a role in selecting ubiquitinated substrates carrying long Ub chains for 

proteasomal degradation. Finally, since Ub chains are recognized and processed by many 

DUBs, we envision that the FPcomp assay can become a general method for evaluating the 

binding properties between these two partners.
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Figure 1. 
Schematic of the fluorescence polarization-based competition (FPcomp) assay. (A) The 

binding affinity of Ub-fluorescein and UCH37C88A•RPN13 was measured through a direct 

binding assay. (B) The binding affinity of unlabeled mono-Ub, Lys48 linked Ub2, Ub3, and 

Ub4 was then measured by a competitive binding assay, in which the unlabeled Ub 

derivative competes for binding with the fluorescein-labeled Ub.
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Figure 2. 
Direct binding of UCH37C88A•RPN13 to five different fluorescein-labeled mono-Ub 

derivatives (Ub K6C-Fl, Ub K11C-Fl, Ub K29C-Fl, Ub K48C-Fl and Ub K63C-Fl). Data 

were fit to eq. 1 using nonlinear regression analysis, while holding the total fluorescent 

mono-Ub concentration constant and maintaining Q=0.8. Data reflect mean ± SEM of two 

independent experiments.
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Figure 3. 
Direct binding of Ub K48C-Fl to UCH37C88A•RPN13 (A) and 

UCH37C88A•RPN13DEUBAD (B). Data were fit to eq. 1 using nonlinear regression analysis, 

while holding the total fluorescent mono-Ub concentration constant and maintaining Q=1.1. 

Data reflect mean ± SEM of two independent experiments.
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Figure 4. 
Competitive displacement of Ub K48C-Fl from UCH37C88A•RPN13 using unlabeled 

mono-Ub, Lys48 Ub2, Ub3 and Ub4 (A). Competitive displacement of Ub K48C-Fl from 

UCH37C88A•RPN13DEUBAD using unlabeled monoUb, Lys48 Ub2, Ub3 and Ub4 (B). Data 

were fit to eq. 2 using nonlinear regression analysis, while holding the total fluorescent 

mono-Ub concentration constant. Data reflect mean ± SEM of two independent experiments.
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Figure 5. 
FP measurements for free Ub K48C-Fl tracer at different concentrations. Data reflect mean 

± SEM of two independent experiments.
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Figure 6. 
Z′ factor test. UCH37C88A•RPN13 and Ub K48C-Fl were added to wells 1–192 to obtain 

mP values for the bound species. Free Ub K48C-Fl tracer was added to wells 193–384 to 

obtain mP values for the free species.
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Table 1

FP analysis of the interactions between UCH37C88A•RPN13 and mono-Ub/Lys48 Ub chains.

Substrate Ligand Kd (μM)

UCH37C88A•RPN13

Ub K48C-Fl 2.4 ± 0.4

Ub 7.8 ± 2

K48 Ub2 1.0 ± 0.3

K48 Ub3 0.14 ± 0.08

K48 Ub4 0.074 ± 0. 04
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Table 2

FP analysis of the interactions between UCH37C88A•RPN13DEUBAD and mono-Ub/Lys48 Ub chains.

Substrate Ligand Kd (μM)

UCH37C88A• RPN13DEUBAD

Ub K48C-Fl 3.4 ± 0.7

Ub 2.5 ± 0.9

K48 Ub2 1.9 ± 0.6

K48 Ub3 0.30 ± 0.1

K48 Ub4 0.10 ± 0. 06
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