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Preface

Degrons are specific sequence or structural elements within proteins that mediate their rec-
ognition by cellular degradation machinery and are thereby central to controlling protein 
abundance and cellular homeostasis. This volume aims to provide protocols for the identi-
fication, characterization, and application of degrons in a range of organisms from bacteria 
to humans. In eukaryotes, the most common way to target proteins for degradation is based 
on recruiting E3 ligases to induce ubiquitination followed by proteosomal degradation. This 
book starts with reporter assays and tools used in human cells to study the involvement of 
the ubiquitin-proteasome system or ubiquitin-independent degradation pathways. Next, it 
presents methods for the chemical and enzymatic synthesis, and characterization of degrons 
and their mimics. Advanced practical applications of degrons have evolved to aid optoge-
netic control and live RNA imaging. The dTag system, commonly used for degradation, has 
been adapted to monitor transcription factors. The book covers methods for other selected 
eukaryotes, including plants, and describes the use of inducible degradation in nematodes and 
trypanosomes. The concluding chapters address methods used for studying N- and C-degrons 
in bacteria, including their emergent application in targeted protein degradation. This col-
lection should be useful to researchers working on protein degradation or using degrons to 
study or control protein function.

Warsaw, Poland	 Maria W. Górna
Warsaw, Poland	 Maria M. Klimecka
Warsaw, Poland	 Matylda A. Izert-Nowakowska
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Chapter 1

HiBiT-RR and nLucK0 Tagging Systems for Monitoring 
Targeted Protein Degradation

Hanfeng Lin, Xiaoli Qi and Jin Wang

Abstract
Targeted protein degradation (TPD) has become a powerful modality in drug discovery. Central 
to developing TPD molecules like PROTACs is the ability to accurately and sensitively measure the 
degradation of a target protein. The NanoLuciferase (nLuc) and the complementary split-nLuc system 
are highly sensitive reporter technologies ideal for this purpose. However, the presence of lysine residues 
on these tags can lead to ubiquitination of the tag itself, creating potential artifacts where the tag, not the 
target protein, drives degradation. This chapter details protocols for the generation and use of lysine-free 
variants, HiBiT-RR and nLucK0, where all lysine residues are replaced with arginine. These alternative 
tools mitigate the risk of tag-driven degradation, thereby increasing the reliability of TPD screening 
assays. We describe methods for their use in cellular degradation assays with both transiently expressed and 
endogenously tagged proteins, and validation via immunoblotting.

Keywords  Targeted protein degradation (TPD), PROTAC, NanoLuciferase (nLuc), HiBiT, 
NanoBiT, Lysine, Ubiquitination, High-throughput screening, Reporter assay

1  Introduction

Targeted protein degradation (TPD) is a therapeutic strategy that 
co-opts the cell’s own ubiquitin-proteasome system to eliminate 
specific proteins of interest (POIs) [1]. The most prominent TPD 
molecules are proteolysis-targeting chimeras (PROTACs), which are 
heterobifunctional molecules that simultaneously bind a POI and 
an E3 ubiquitin ligase, inducing the ubiquitination and subsequent 
proteasomal degradation of the POI [2].

Developing effective degraders requires robust, sensitive, and 
high-throughput methods to quantify changes in protein levels. 
Reporter systems based on NanoLuciferase (nLuc), a small, intensely 
bright luciferase from deep-sea shrimp, are exceptionally well-suited 
for this task [3]. A POI can be fused to the full-length nLuc, and 
its degradation can be monitored by a decrease in luminescence 
signal. Alternatively, the NanoBiT system uses a split-luciferase 

https://doi.org/10.1007/978-1-0716-5508-5_1
http://crossmark.crossref.org/dialog/?doi=﻿﻿10.1007/978-1-0716-5508-5_1﻿&domain=pdf


4 Hanfeng Lin et al.

approach. The POI is tagged with a small 11-amino-acid peptide, 
HiBiT (High-affinity BiT), which has a sub-nanomolar affinity for 
the large, complementary LgBiT subunit. When LgBiT is added to 
cell lysates containing the HiBiT-tagged protein, a bright, active 
luciferase is formed, allowing for precise quantification of the POI 
[4]. This system is particularly powerful when HiBiT is knocked into 
the endogenous locus of a gene using CRISPR/Cas9, allowing for 
the study of degradation at physiological expression levels [5, 6].

A significant concern with any protein tagging strategy in the 
context of TPD is the potential for the tag itself to be ubiquiti-
nated. The canonical HiBiT peptide (VSGWRLFKKIS, hereafter 
HiBiT-KK) contains two lysine residues. Similarly, wild-type nLuc 
(nLucWT) contains seven lysine residues. If a PROTAC brings the 
tagged POI into proximity with an E3 ligase, these accessible lysines 
on the tag could be ubiquitinated, potentially leading to degradation 
that might not occur with the untagged, endogenous protein. This 
could lead to false positives, where a compound appears to be a potent 
degrader when it is only degrading the tag [7].

To address this potential artifact, we have developed lysine-
free versions of these tags [8]. In HiBiT-RR, the two lysines are 
replaced with arginines (VSGWRLFRRIS). In the no-lysine nLuc 
(nLucK0), all lysine codons are mutated to arginine codons. This 
chapter provides detailed protocols for using these modified tags 
to reliably monitor protein degradation, minimizing the risk of 
tag-based artifacts.

2  Materials

	1.	 Expression vectors for mammalian cells (e.g., pcDNA3.1 with 
CMV promoter).

	2.	 Plasmids encoding the protein of interest tagged with 
HiBiT-RR or nLucK0. For example, pcDNA3.1-BTK-HiB-
iT-RR and pcDNA3.1-nLucK0-RIPK1.

	3.	 High fidelity DNA polymerase for PCR (e.g., KOD One™ 
PCR Master Mix, Sigma Aldrich, KMM-101NV).

	4.	 Homologous recombination-based seamless cloning kit (e.g., 
ClonExpress Ultra One Step Cloning Kit V2, Vazyme, C116).

	5.	 Reagents for plasmid amplification: E . coli DH5α​ compe-
tent cells, agar plates, LB media, antibiotics, and plasmid 
MiniPrep kit.

	1.	 For transient overexpression end-point measurement: 
HEK293T cells (e.g., ATCC, Cat. No. CRL-11268).

2.1  Plasmids and 
Molecular Cloning

2.2  Cell Lines and 
Culture
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	2.	 For endogenous HiBiT-RR knock-in end-point measurement: 
CRISPR-edited cell lines with endogenous N- or C-terminal tag-
ging of a target protein, e.g., HEK293 HiBiT-RR-BRD4 cells.

	3.	 For kinetic measurement of HiBiT-RR-tagged protein deg-
radation: HEK293 cells stably expressing LgBiT (Promega, 
N2672) or transiently express LgBiT through transfection.

	4.	 Complete growth medium: Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS), 100 U/mL penicillin, and 100 µ​g/mL streptomycin.

	5.	 Dulbecco’s Modified Eagle’s Medium (DMEM) without phe-
nol red supplemented with 10% fetal bovine serum (FBS), 
100 U/mL penicillin, and 100 µ​g/mL streptomycin.

	6.	 Transfection reagent (e.g., Lipofectamine 3000, Thermo Fisher 
Scientific).

	1.	 Nano-Glo HiBiT Lytic Detection System (Promega, Cat. No. 
N3030), which contains LgBiT Protein, Nano-Glo® Lytic 
Buffer, and Nano-Glo® Lytic Substrate.

	2.	 Nano-Glo Live Cell Assay System (Promega, Cat. No. 
N2011), which contains Nano-Glo® Live Cell Substrate and 
LCS Dilution Buffer.

	3.	 (Optional) Nano-Glo Endurazine Live Cell Substrate 
(Promega, Cat. No. N2570).

	4.	 Degrader compounds (PROTACs, molecular glues) dissolved 
in DMSO to a stock concentration of 10 mM.

	1.	 RIPA Lysis and Extraction Buffer.
	2.	 Protease and Phosphatase Inhibitor Cocktail.
	3.	 BCA Protein Assay Kit.
	4.	 Primary antibodies specific to the target protein (e.g., anti-

RIPK1, anti-BRD4) and a loading control (e.g., anti-β​-actin, 
anti-GAPDH).

	5.	 HRP-conjugated secondary antibodies (e.g., Goat Anti-Rabbit 
IgG (H+​L)-HRP).

	6.	 ECL substrate solution.

	1.	 Luminometer or multimode plate reader with luminescence 
detection capability (e.g., BioTek Synergy H1).

	2.	 Standard cell culture equipment: incubator (37°C, 5% CO2), 
biosafety cabinet, and centrifuges.

	3.	 Solid white, opaque 96-well assay plates with treated surface.
	4.	 Standard equipment for SDS-PAGE and Western blotting.

2.3  Reagents for 
Luminescence Assays

2.4  Reagents for 
Immunoblotting

2.5  Equipment
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3  Methods

	1.	 Molecular cloning: Use a standard site-directed mutagenesis 
kit to introduce N- or C-terminus HiBiT-RR or nLucK0 into 
the target protein open reading frame (ORF).
For HiBiT-RR, due to the small size of HiBiT-RR, it could be 
easily introduced as an insertion mutation using a pair of long 
primers through one round of site-directed mutagenesis. An 
example of introducing C-terminus HiBiT-RR into the BTK is 
illustrated in Fig. 1.
For nLucK0, it is laborious to systematically mutate all lysine 
codons in the nLuc sequence to arginine codons. It is recom-
mended to directly order nLucK0 gene through gene synthesis 
service provider.

	2.	 Transformation: Transform the mutated plasmids into compe-
tent E . coli strain (e.g., DH5α​ for normal vectors, or NEBstable 
for lentiviral vectors) for amplification.

	3.	 Verification: Isolate plasmid DNA from several colonies and 
confirm the desired mutations and the integrity of the entire 
open reading frame by Sanger sequencing or whole plasmid 
sequencing.

	1.	 Cell seeding and transfection: The day before transfection, 
seed HEK293T cells in a 6-well plate so they reach 70%–90% 
confluency on the day of transfection.

3.1  Generation 
of Lysine-Free 
Constructs

3.2  Cellular 
Degradation 
Assay (Transient 
Overexpression)

Fig. 1 Introducing HiBiT-RR tag with a short linker (green region) into the target gene ORF via site-directed 
mutagenesis. The rules-of-thumb of primer design are: (1) Tm of primer annealing regions (highlighted in 
orange in the upper panel) should be ideally > 60°C and (2) region of homologous recombination should be 
15–20 bp (highlighted in blue in the lower panel)
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	2.	 Transfect the cells with the desired expression plasmid (e.g., 
pcDNA3.1-BTK-HiBiT-RR or pcDNA3.1-nLucK0-RIPK1) 
using a lipid-based transfection reagent (e.g., Lipofectamine 
3000) according to the manufacturer’s protocol (see Note 1).

	3.	 Plating for assay: 24 h after transfection, trypsinize and resus-
pend the cells in fresh complete growth medium without phe-
nol red with 10% FBS. Count the cells and seed them into a 
white, opaque 96-well plate at a density of 20,000 cells/well in 
99 µ​L of medium (see Note 2).

	4.	 Compound treatment: Prepare a serial dilution of the degrader 
compounds in DMSO at 100×​ the final concentration. Add 
1 µ​L of the 100×​ compound solution to the appropriate wells. 
Include several wells of DMSO-only control.

	5.	 Incubation: Incubate the plate for the desired time period 
(e.g., 24 h) at 37°C, 5% CO₂​.

	6.	 Luminescence measurement:
HiBiT-tagged and nLuc-tagged construct uses different assay 
buffer (lytic vs live cell, see Note 3).
	a).	 For HiBiT-tagged proteins: Prepare 2×​ Nano-Glo® HiBiT 

Lytic Reagent by diluting 1:100 (v:v) Nano-Glo lytic sub-
strate and 1:100 (v:v) or 200 nM LgBiT purified protein 
into the Nano-Glo lytic buffer. Add 100 µ​L of prepared 
Nano-Glo® HiBiT Lytic Reagent to each well. Briefly and 
gently vortex the plate and incubate for 10 min at room 
temperature to allow HiBiT-LgBiT binding and measure 
luminescence on a plate reader.

	b).	 For nLuc-tagged proteins live cell measurement: Prepare 
5x Nano-Glo® Live Cell Reagent by diluting the Nano-
Glo live cell substrate in the LCS Dilution Buffer (1:19 v:v). 
Add 25 µ​L of this reagent to each well. Briefly and gen-
tly vortex the plate and measure luminescence on a plate 
reader (see Note 4).

	7.	 Data analysis: Normalize the RLU values of compound-treated 
wells to the average RLU of the DMSO control wells. Plot the 
normalized percent activity against the log of the compound 
concentration. Use a nonlinear regression inhibitor vs response 
three parameters model to calculate the DC50 (concentra-
tion for 50% degradation) and Dmax (maximal degradation %) 
(see Note 5).

This protocol is for cell lines where HiBiT-RR has been inserted at 
the endogenous locus of a target gene (see Note 6). If kinetic meas-
urement of degradation is required, the cell line must also stably or 
transiently express LgBiT.

3.3  Cellular 
Degradation Assay 
(Endogenous Knock-In)
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	1.	 Cell seeding: Seed the HiBiT-RR-BRD4 knock-in cells into a 
white, opaque 96-well plate at 20,000 cells/well in 99 µ​L of 
phenol-red free medium. Allow cells to attach overnight.

	2.	 Kinetic measurement (optional): To measure degradation 
kinetics, add live-cell substrate (1:100 Endurazine v:v) into the 
CO2-independent medium and preincubate with cells for 2.5 h 
in the cell culture incubator.

	3.	 Compound treatment: Add 1 µ​L of 100×​ degrader compound 
DMSO dilutions (e.g., MZ1, dBET6) to the wells.

	4.	 Kinetic measurement continued (optional): Place the plate in 
the luminometer prewarmed to 37°C and take repeated read-
ings over a time course (e.g., every 10 min for 24 h).

	5.	 Endpoint measurement: For DC50 determination, incubate the 
plate for a fixed period (e.g., 24 h).

	6.	 Lysis and detection: Lyse the cells by adding 100 µ​L of Nano-
Glo® HiBiT Lytic Reagent (Note 3). Briefly and gently vortex 
the plate and incubate for 10 min and measure luminescence 
on a plate reader.

	7.	 Data analysis: Analyze the data as described in Sect. 3.2.

	 1.	 Prepare lysates: Seed cells (e.g., 500,000 cells/well in a 6-well 
plate) and treat with varying concentrations of the degrader 
compound for 24 h.

	 2.	 Wash cells once with PBS.
	 3.	 Lyse cells in 100 µ​L of ice-cold RIPA buffer containing pro-

tease and phosphatase inhibitors. Scrape the cells, transfer to 
a microfuge tube, and incubate on ice for 30 min.

	 4.	 Clarify the lysate by centrifuging at 14,000 ×​ g for 15 min at 
4°C.

	 5.	 Protein quantification: Determine the protein concentration 
of the supernatant using a BCA assay.

	 6.	 SDS-PAGE and transfer: Normalize the protein amounts for 
all samples, add Laemmli sample buffer, and boil for 5 min. 
Separate 20–30 µ​g of protein per lane on an SDS-PAGE gel. 
Transfer the proteins to a PVDF membrane.

	 7.	 Block the membrane with 5% non-fat milk or BSA in TBST 
for 1 h at room temperature.

	 8.	 Incubate with primary antibodies (e.g., anti-RIPK1 at 1:1000 
and anti-β​-actin at 1:5000) overnight at 4°C.

	 9.	 Wash the membrane with TBST three times and incubate 
with the appropriate HRP-conjugated secondary antibody 
for 1 h at room temperature.

	10.	 Wash three times again and apply ECL substrate.

3.4  Validation by 
Immunoblotting (see​ 
Note 7)
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	11.	 Visualize the bands using a chemiluminescence imager. The 
decrease in the target protein band should correlate with the 
luminescence data.

4  Notes

	1.	 It is extremely important to titrate the amount of plasmid used 
during the transfection process. Higher transfection amount 
would significantly reduce or even abolish the degradation 
potency observed for degrader molecules. Each time we work 
with a new target protein, we would at least titrate three differ-
ent levels of plasmid (e.g., 50, 100, 150 ng) to understand the 
upper limit of transient transfection amount (Fig. 2). Ideally, 
it is recommended to perform western blotting to confirm the 
nLuc-tagged protein expression level after transfection should 
match with the endogenous protein level to avoid false nega-
tive result. Optimize the plasmid amount that generates lumi-
nescence data correlating well with the Western Blot DC50 
value before applying to large scale screening.

	2.	 Using medium with phenol red will reduce the luminescence 
intensity by half. Using transparent 96-well plate will reduce 
the luminescence intensity to 1/10.

	3.	 Assay format:
Lytic vs. live-cell: A lytic assay measures the total protein pres-
ent at the end of an experiment by breaking open the cells. 
This typically results in homogenous lysate that leads to tighter 
error bars. A live-cell assay uses the same substrate to meas-
ure protein levels in intact, living cells. We observe several fold 
higher luminescence intensities in the live cell format, but the 
intensity decays very fast (t1/2 ~10 min) if measuring in the 

Fig. 2 A representative BTK-HiBiT-RR degradation assay plasmid titration result with unprocessed raw data 
(A) and DMSO-normalized data (B). For 50 and 100 ng plasmid curves, both showed similar Dmax and DC50, but 
150 ng plasmid leads to right- and up-shifted curve, indicating the saturation of degradation machinery and 
therefore underestimation of both DC50 and Dmax
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complete media. Using LCS dilution buffer will slow down the 
decay process (t1/2 ~30 min).
HiBiT-RR-tagged experiment typically uses lytic format, un-
less LgBiT is coexpressed (stably or transiently) in the cell.
Endpoint vs. kinetic: An endpoint assay is a single measure-
ment taken at a final time point (e.g., 24 h) to determine the 
final outcome (DC50, Dmax). A kinetic assay involves taking 
multiple measurements over time to observe the rate of degra-
dation. Kinetic assays require a live-cell format.

	4.	 The nLucK0 protein has significantly lower intrinsic enzymatic 
activity compared to nLucWT. When using nLucK0 constructs 
in cellular assays, the luminescence signal will be weaker. This 
can typically be compensated for by increasing the gain (PMT 
setting) on the luminometer. Although the protein may be less 
stable in vitro, it is sufficiently stable in the cellular environ-
ment for reliable degradation measurements.

	5.	 Compound-dependent effects: The contribution of the tag 
to degradation can be compound-dependent. For some 
PROTACs, the degradation profiles for HiBiT-KK and RR 
tags may be identical. For others, a difference in kinetics or 
potency may be observed. Comparing the two systems can 
provide mechanistic insight into how a specific PROTAC ori-
ents the target protein within the ternary complex.

	6.	 Overexpression vs. endogenous systems: Transient overexpres-
sion can sometimes lead to artifacts not seen at physiologi-
cal expression levels, especially when severely overexpressed. 
Whenever possible, using a CRISPR knock-in system is pre-
ferred, as it more accurately reflects the biology of the endog-
enous target protein.

	7.	 Orthogonal validation: Reporter assays are excellent for 
high-throughput screening, but it is crucial to validate key 
findings with an orthogonal method like Western blotting, 
which directly visualizes the protein of interest.
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Chapter 2

Identification of a Ubiquitin-Independent Degron by a 
Reporter Assay

Yosef Shaul

Abstract
Ubiquitin-independent degradation (UID) by the 20S proteasome represents a key pathway for mainly 
regulating intrinsically disordered proteins (IDPs), yet the degron motifs that govern this process remain 
poorly defined. In this chapter, we describe experimental strategies to identify UID degrons that mediate 
degradation by the catalytic 20S proteasome particle. Combining high-throughput 20S substrate assays 
in vitro with analyses of PSMA3 C-terminal binding proteins, we identified numerous IDPs, including 
p21, as potential substrates. Using bimolecular fluorescence complementation (BiFC) and split-luciferase 
reporter assays, we mapped the degron within p21. Systematic mutagenesis and peptide- and fragment-
based assays delineated the minimal degron sequence, while CRISPR-Cas9–mediated editing of the 
endogenous protein confirmed its physiological role in proteasomal turnover. This integrated workflow—
spanning degron mapping to functional validation—provides a generalizable framework for uncovering 
ubiquitin-independent degrons.

Keywords  Degron, Ubiquitin-independent degradation, 20S proteasome, p21, PSMA3 trapper, 
IDP, Reporter assay

1  Introduction

Proteasomal degradation is a fundamental cellular process safe-
guarding protein homeostasis by selectively dismantling proteins in 
a timely and controlled manner. At the center of this system lies the 
proteasome, a large multisubunit protease complex that recognizes 
proteins marked for destruction and degrades them into short pep-
tides, which are subsequently recycled into amino acids. The most 
prominent pathway, known as the ubiquitin–proteasome system 
(UPS), relies on the covalent attachment of ubiquitin chains to sub-
strates, thereby marking them for degradation. This system provides 
a rapid and highly specific means of eliminating misfolded, damaged, 
aggregated, or short-lived proteins, preventing their accumulation 
and potential cytotoxicity. Beyond protein quality control, the UPS 
is indispensable for diverse biological processes, including cell cycle 

https://doi.org/10.1007/978-1-0716-5508-5_2
http://crossmark.crossref.org/dialog/?doi=﻿﻿10.1007/978-1-0716-5508-5_2﻿&domain=pdf


14 Yosef Shaul 

regulation, transcriptional control, signal transduction, and stress 
responses [1, 2].

In the canonical UPS pathway, degradation is initiated through 
degron-mediated recognition of substrates by E3 ubiquitin ligases, 
which catalyze the conjugation of ubiquitin via E2 enzymes. Sub-
strates decorated with polyubiquitin chains are then targeted to 
the 26S proteasome, a complex composed of the 20S catalytic core 
capped by the 19S regulatory particle. The 19S subcomplex plays 
two essential roles: recognizing polyubiquitinated proteins and using 
ATP-dependent unfoldase activity to open structured substrates, 
which are then threaded into the 20S catalytic chamber for degra-
dation. This ensures that even compact, globular proteins can be 
efficiently dismantled in a regulated manner.

While ubiquitination is the predominant signal for proteasomal 
degradation, it is now clear that not all substrates require this mod-
ification. A subset of proteins undergoes ubiquitin-independent 
proteasomal degradation (UID) at the 26S proteasome. The first 
substrate identified in this pathway was ornithine decarboxylase 
(ODC), a key polyamine biosynthesis enzyme recruited to the 26S 
proteasome by its regulator, antizyme, without ubiquitination. More 
recently, Midnolin, a nuclear protein that stably associates with the 
26S proteasome, has been shown to act as a recruiter for additional 
UID substrates, further highlighting that the 26S proteasome pos-
sesses mechanisms beyond ubiquitin recognition to capture and 
degrade specific proteins. These examples illustrate that UID is not 
restricted to the 20S particle but can also occur at the fully assembled 
26S proteasome, expanding its functional versatility [3–6].

In parallel, degradation can also proceed via the 20S proteasome, 
which operates independently of the 19S regulatory cap. Unlike 
folded proteins, which require ATP-dependent unfolding by the 
19S complex, intrinsically disordered proteins (IDPs) or substrates 
with long unstructured regions (see Note 1) are naturally flexible 
and can directly enter the catalytic chamber of the 20S proteasome. 
This bypasses ubiquitin tagging and ATP consumption, enabling a 
streamlined route for eliminating aggregation-prone or oxidatively 
damaged proteins, particularly under stress conditions where ATP 
or ubiquitin availability may be limited. Accessory factors such as 
NQO1 have been proposed to facilitate substrate association with 
the 20S proteasome, further broadening the spectrum of proteins 
processed through this pathway [7, 8].

A degron is a specific region or sequence within a protein that 
acts as a signal for targeted protein degradation [2]. Degrons can be 
short amino acid sequences, structural motifs, or exposed residues 
found anywhere within the protein, including N- and C-termini, 
and their presence determines the protein’s susceptibility to degra-
dation by cellular machinery. These signals are crucial for regulating 
protein turnover, as components of the UPS or other degradation 
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pathways recognize them. Degrons may function ubiquitin-depend-
ent—serving as sites for polyubiquitination that direct proteins to the 
proteasome—or independently of ubiquitin, guiding proteins toward 
alternative degradation mechanisms. Degrons play an essential role 
in maintaining cellular homeostasis and controlling diverse cellular 
processes by modulating the degradation rate of proteins [2, 9, 10].

Identifying the degrons is expected to yield key insights into pro-
teostasis mechanisms and the molecular basis of disease pathogenesis. 
Broadly, degrons can be classified into three major categories (Fig. 1):

	1.	 E3-degrons: motifs recognized by E3 ligases promote sub-
strate polyubiquitination and subsequent targeting to the 
proteasome.

	2.	 26S UID degrons: substrate motifs mediating protein degra-
dation but lacking intrinsic proteasome-targeting capacity. In 
these cases, degradation is facilitated through interacting pro-
teins capable of directing substrates to the proteasome (e.g., 
antizyme-mediated degradation of ODC).

	3.	 20S UID degrons: substrate motifs that enable direct interac-
tions with proteasome components.

The latter two categories are characteristic of ubiquitin-inde-
pendent degradation. While the first two mechanisms are discussed in 
detail in the review [2], I focus on category III, the 20S proteasomal 
UID degrons, under this chapter.

Fig. 1 Categories of degrons and their proteasomal degradation pathways. Schematic representation of three 
main degron categories and their routes to proteasomal degradation. E3 degrons (I): Substrate degradation is 
initiated by degron-mediated recognition by E3 ubiquitin ligases, which facilitate ubiquitin (U) conjugation via 
E2 enzymes. Polyubiquitinated substrates are subsequently recognized and degraded by the 26S proteasome. 
26S UID degrons (II): Certain degrons allow direct substrate recognition and engagement by the 26S protea-
some without ubiquitination. 20S UID degrons (III): Intrinsically disordered regions (IDRs) containing degrons 
target substrates to the 20S proteasome in a ubiquitin-independent manner
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It is essential to demonstrate that the substrate of interest (SOI) 
undergoes ubiquitin-independent proteasomal degradation in cells. 
Although this chapter does not provide detailed protocols, several 
experimental approaches can be employed. To establish that the pro-
teasome degrades the SOI, degradation should be blocked by treat-
ment with irreversible proteasome inhibitors such as epoxomicin or 
carfilzomib (more specific than MG132). Conversely, the SOI should 
not accumulate upon inhibition of lysosomal/autophagic pathways 
using agents, such as bafilomycin A1 or chloroquine, with or without 
perturbation of ATG7 or LAMP2A. Once proteasome-dependent 
degradation has been validated, the next question is whether the pro-
cess occurs independently of ubiquitination. To test this, cells can be 
treated with an E1 ubiquitin-activating enzyme inhibitor (e.g., TAK-
243/MLN7243), which blocks ubiquitin activation. If inhibition of 
E1 does not stabilize the SOI, ubiquitin-independent degradation 
is supported. Alternatively, cell lines bearing a temperature-sensitive 
E1 enzyme mutant can also be used for validation [11, 12].

There are three significant steps in 20S UID degron identifica-
tion and biological validation. These include mapping and delineat-
ing the 20S proteasome region, recognizing the substrate, termed 
here the substrate trapper. A few prior substeps validate that the 
SOI undergoes degradation by the 20S proteasome, as outlined in 
Fig. 2. Given the space limitation, the methods of these substeps 
are not covered here but can be found elsewhere [13–15]. In fact, 
many 20S substrates were already identified using an in vitro system 
[16, 17]. Interestingly, the identified substrates are mostly IDPs/
IDRs, RNA-binding proteins, contain a low complexity region, and 
prion-like domains [17]. These structural and sequence features 
should assist in choosing the degradation mechanism of their protein 
of interest.

Substep 3, as outlined in Fig. 2, is essential in identifying the 20S 
proteasome subunit mediating the interaction with the substrates in 
cells. The 20S core particle comprises seven alpha subunits, termed 
PSMA1-7 and seven beta subunits PSMB1-7 (see Note 2). The C-ter-
minus of each alpha subunit faces outwards, while the N-terminus 
faces inwards [18]. We used the BiFC (Bimolecular Fluorescence 
Complementation) approach (see Note 3), which is an experimental 
technique used to study protein–protein interactions in living cells 
[19]. The method splits a fluorescent protein (like GFP, YFP, or 
Venus) into two non-fluorescent fragments. Each fragment is fused 
to a different protein of interest. One protein of interest is fused to 
the N-terminal half of a fluorescent protein. The other protein is 
fused to the C-terminal half of the fluorescent protein. If the two 
proteins interact physically inside the cell, the two fragments of 
the fluorescent protein are brought close together. This allows the 
fragments to reconstitute a functional fluorescent protein, emitting 
fluorescence. The fluorescence signal shows that the two proteins 
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Fig. 2 Stepwise workflow for identifying proteasomal substrate binding motifs. Step 1: A proteasomal sub-
strate of interest enters the degradation system through the ubiquitin–proteasome system (UPS) or ubiquitin- 
independent degradation (UID). Step 2: The proteasome particle processes the substrate, which may exist 
as the 26S or 20S core proteasome. Step 3: Within the 20S proteasome, individual PSMA (α -type) and PSMB  
(β -type) subunits are examined to map potential interaction sites. Step 4: A truncation mutation is used to delin-
eate the subunit region active in substrate binding with the characterization of substrate recognition (“trapper”)

interact in a cellular context. Using this approach, we identified 
many proteins that bind the PSMA3 [17], including p21 (Fig. 3). 
Theoretically, all the subunits might be considered as the potential 
target; however, the PSMA3 subunit is the preferential target in 
several studies [17, 18, 20, 21].

The PSMA subunits differ primarily at their C-termini, residues 
186–255 of PSMA3. This region faces outwards in the context of 
the 20S and 26S proteasomes, and therefore, is accessible to poten-
tial substrates. We found that this region is sufficient to bind many 
putative substrates, most of which are IDP/IDRs [17]. Interestingly, 
in vitro 20S degradation assay revealed that many of the C-terminus 
PSMA3 binding proteins are 20S substrates. The substrate “trapper” 
is essential in identifying the 20S UID degrons.

The second major step is the delineation of the degron sequence. 
The framework of this step is outlined in Fig. 4. This figure illustrates 
two complementary strategies for identifying degron motifs—short 
peptide sequences within a protein that signal for degradation. In 
Strategy 1 (peptide array-based screening), overlapping peptide frag-
ments of the SOI are synthesized and immobilized as a peptide array. 
These peptide fragments are incubated with a tagged degron-binding 
protein (“Tag-Trapper”), and binding is detected by immunoblotting 
with an anti-tag antibody. Positive binding spots indicate regions 
that may contain degrons. The positive candidate regions are then 
mapped back to the SOI, and site-directed mutagenesis, followed 
by binding assays with split luciferase (N-luc and C-luc) reporters, 
can refine the degron motif sequence.
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Fig. 3 Interaction of p21 with proteasome α subunits revealed by Bimolecular Fluorescence Complementa tion 
(BiFC). Tagged PSMA3 stably expressed in U2OS cells yields a BiFC signal with p21. U2OS cells were infected 
with lentivirus to generate stable cell lines expressing individual 20S proteasome α subunits.  PSMA subu-
nits were tagged with CC155 (C-terminal fragment of Venus fluorescent protein). These cells were transiently 
transfected with Flag-p21 VN173 (p21 was tagged with the N-terminal fragment of Venus fluorescent protein) 
and H2B-RFP constructs to label the transfected cells. BiFC signals (green, VFP) were mainly observed for 
PSMA3, while RFP was a transfection marker. The schematic on the right illustrates the PSMA ring, highlighting 
the subunits that gave BiFC-positive signals with p21. Images were acquired using a fluorescence microscope 
with a 10× objective,  48 h post-transfection

Fig. 4 Strategies for identifying 20S UID degron motifs. Two complementary experimental strategies are 
shown to identify putative degrons within a substrate protein. Strategy 1 (peptide array-based screening): 
A peptide array is designed by tiling overlapping fragments of the substrate protein. The array is incubated 
with a tagged degron-binding protein (“Tag-Trapper”) and probed by immunoblotting with an anti-tag anti-
body. Positive binding spots indicate candidate degron-containing regions, which are then mapped back to 
the substrate. Mutagenesis of the candidate peptide, followed by binding assays with split luciferase (N-luc 
and C-luc), identifies the degron motif sequence. Strategy 2 (fragment-based reporter assay): Sequential frag-
ments of the substrate protein are fused to the N-terminal fragment of luciferase (N-luc). Interaction with 
the degron-binding protein fused to C-luc (“trapper”) leads to luciferase complementation and luminescence. 
Fragments yielding positive signals define regions harboring a degron. Further refinement of overlapping frag-
ments narrows down the degron sequence. Together, these approaches enable systematic identification and 
validation of degron motifs within substrate proteins
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Strategy 2 (fragment-based reporter assay) uses sequential frag-
ments of the SOI fused to the luciferase (N-luc) N-terminal fragment. 
If the fragment contains a degron, interaction with the degron-bind-
ing protein (fused to C-luc, the “trapper”) leads to luciferase recon-
stitution and luminescence. Positive signals identify substrate regions 
with degron activity, and finer mapping with overlapping fragments 
narrows the degron sequence further.

These strategies combine screening (peptide arrays) with func-
tional validation (reporter assays). This systematic approach enables 
precise identification and verification of degron motifs, providing 
critical insight into how proteins are selectively targeted for degra-
dation within the cell.

The third significant step is physiological validation. A powerful 
strategy to validate degron function in cells involves using CRIS-
PR-Cas9 genome editing to introduce targeted mutations into the 
degron sequence. By disrupting this short motif that usually directs 
proteins for degradation, one can directly test its role in regulating 
protein stability. Following genome editing, protein synthesis is 
blocked, and the degradation kinetics of the existing protein pool are 
measured over time. Protein abundance is then quantified and plotted 
as log10 (% remaining) versus time to compare stability between wild-
type and degron-mutant cells. In control cells, rapid degradation is 
observed, confirming intact degron activity (Fig. 5).

In contrast, cells harboring degron mutations exhibit delayed 
degradation, reflected in a longer protein half-life and higher resid-
ual protein levels. This shift indicates loss of degron function and 
stabilization of the protein. Importantly, these edited cells can probe 
downstream consequences of impaired protein turnover, such as 
altered signaling, transcriptional regulation, or changes in viability. 
Thus, combining CRISPR-based mutagenesis with protein stability 
assays provides a direct and quantitative strategy to validate degron 
function in a cellular context.

Fig. 5 Functional assay of degron mutation using CRISPR-Cas9. CRISPR-Cas9 genome editing was used to 
introduce mutations into a degron sequence. In edited cells, the mutated degron impairs protein degrada-
tion compared to control cells. After blocking new protein synthesis, protein levels are measured over time 
and plotted as log10 (% remaining) versus hours. This assay shows protein stability over time, plotted as log 
% remaining. Control cells (blue line) display rapid protein degradation, while edited cells (red line) exhibit 
slower degradation, consistent with loss of degron function. Using these edited versus control cells, down-
stream functional readouts are performed to test the consequence of protein stabilization caused by degron 
mutation (e.g., viability, signaling, or transcriptional output). Longer t1/2 in edited cells predicts increased protein 
persistence and altered functional outcomes relative to controls
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2  Materials

This protocol requires basic tissue culture equipment and supplies, 
including incubators, laminar flow hoods, centrifuges, inverted fluo-
rescent microscopes, and other standard equipment and plasticware.

	 1.	 Plasmids expressing PSMA3 and PSMA5 subunits (Addgene). 
6xMyc–p21 (Addgene #87780). N-terminal (Luc1) and 
C-terminal (Luc2) fragments of split Gaussia luciferase. 
pBiFC-VN173, pBiFC-CC155 (Addgene #22010, #22015). 
pcDNA3 vectors with 3×​HA tag or Luc1/Luc2 fragments 
(see Note 4). Cas9 plasmid (Addgene #42230) for CRISPR 
editing. Control plasmids containing only tags or luciferase 
fragments.

	 2.	 HEK293, HEK293T, HeLa, and U2OS cell lines growth 
medium: DMEM (high glucose, 4500 mg/L), 8% fetal bovine 
serum, 100 u/mL penicillin, 0.1 mg/mL streptomycin.

	 3.	 Trypsin solution for passaging the cells: Trypsin (0.25%), 
EDTA (0.05%) solution B: 2.5 mg/L trypsin, 0.5 mg/L 
EDTA-Na2 ∙​ 2H2O, 8 mg/L NaCl, 0.4 mg/L KCl, 1 mg/L 
D-glucose, 0.01 mg/L Phenol Red, 0.35 mg/L NaHCO3.

	 4.	 Antibodies: Anti-HA (BioLegend, or equivalent), anti-Myc 
(ThermoFisher), anti-p21 (Santa Cruz Biotechnology), 
anti-p53 Pab1801 (Sigma Aldrich), anti-Flag (Sigma-
Aldrich), anti-PSMD1 (Acris), anti-PSMA3 (Thermo Fisher), 
anti-PSMA4 (Thermo Fisher), anti-β​-actin (Sigma-Aldrich), 
anti-β​-tubulin (BioLegend).

	 5.	 Secondary antibodies: HRP-conjugated goat anti-rabbit, 
anti-mouse.

	 6.	 Tissue culture plates—often six-well dishes.
	 7.	 Transfection reagents: Polyethylenimine (PEI), 1 mg/mL.
	 8.	 Lysis buffer A (for luciferase and immunoblotting): 150 mM 

NaBr, 5% glycerol, 5 mM EDTA, 25 mM Tris, pH 8.5, 63.4 µ​M  
sodium oxalate, 0.6 mM reduced glutathione, 0.4 mM oxi-
dized glutathione, 0.1% NP-40.

	 9.	 Lysis buffer B (for coimmunoprecipitation): 20 mM Tris-
HCl, pH 7.5, 320 mM sucrose, 5 mM MgCl₂​, 1% NP-40.

	10.	 Luciferase assay buffer: 25 mM Tris pH 7.75, 1 mM EDTA, 
0.6 mM reduced glutathione, 0.4 mM oxidized glutathione, 
75 mM urea.

	11.	 Proteasome inhibitors: MG132, Bortezomib (Calbiochem or 
equivalent).

	12.	 Cycloheximide (CHX) (see Note 5).

2.1  Tissue Culture 
and Plasmids
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	13.	 Protease inhibitor cocktail: AEBSF (Aminoethyl ben-
zenesulfonyl fluoride hydrochloride), Aprotinin, Bestatin 
hydrochloride, E64 [N-(trans-Epoxysuccinyl)-L-leucine 
4-guanidinobutylamide], Leupeptin hemisulfate salt, 
Pepstatin A.

	14.	 Coelenterazine (Nanolight).

	 1.	 Gel-running and transfer apparatus, such as the Bio-Rad 
Mini-Protean III system with power supply.

	 2.	 PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM phosphate buffer 
pH 7.4.

	 3.	 Protease Inhibitor cocktail, 100×​, ApeBio K1007 or equiva-
lent (see Note 5).

	 4.	 SDS-PAGE gels (10%).
	 5.	 Prestained protein molecular weight standards (Bio-Rad or 

equivalent).
	 6.	 3×​ Laemmli protein gel sample buffer: 6% (w/v) SDS,  

30% (v/v) glycerol, 0.1875 M Tris-Cl pH 6.8, 15% (v/v)  
β​-mercaptoethanol, 0.03% (w/v) bromophenol blue.

	 7.	 10×​ TG (Tris-Glycine): 0.25 M Tris, 1.92 M glycine, pH 
about 8.3.

	 8.	 Gel running buffer: 1×​ TG, 0.1% (w/v) SDS.
	 9.	 Gel transfer buffer: 1×​ TG, 20% (v/v) methanol.
	10.	 Ponceau Red (Ponceau S) solution: 0.1% (w/v) Ponceau S in 

5% (v/v) acetic acid.
	11.	 Nitrocellulose membrane 0.45 μ​m.
	12.	 3MM chromatography (blotting) paper.
	13.	 PBST: PBS with 0.1% (v/v) Tween-20.
	14.	 TBST: 10 mM Tris-Cl pH 7.5, 100 mM NaCl, 0.1% (v/v) 

Tween-20.
	15.	 Non-fat dry milk powder.
	16.	 Primary and secondary antibodies.
	17.	 Reagents for enhanced chemiluminescence, such as the 

EZ-ECL detection kit (Biological Industries).
	18.	 A digital imaging camera system, such as ImageQuant 

LAS4000.

	 1.	 Thermocycler.
	 2.	 TAE (Tris-acetate-EDTA): 40 mM Tris-acetate (pH 8.3), 

1 mM EDTA.
	 3.	 Suggested suppliers are: BioTri extraction kit (Bio-Lab), 

qScript cDNA synthesis kit (Quanta Biosciences), PerfeCTa 
SYBR Green FAST qPCR master mix (Quanta Biosciences).

2.2  SDS-PAGE and 
Western Blotting

2.3  Molecular 
Biology Equipment 
and Supplies
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	 4.	 Ethidium bromide (0.625 mg/mL stock solution).
	 5.	 Agarose, molecular biology grade.
	 6.	 Agarose gel apparatus.
	 7.	 Restriction endonucleases (New England Biolabs or 

equivalent).
	 8.	 Purification kits for DNA fragments from agarose gels, such 

as the QIAquick® Gel Extraction Kit (Qiagen).
	 9.	 DNA polymerases for PCR (see Note 6).
	10.	 Oligonucleotide primers.

3  Methods

The methods below describe the experimental steps after validating 
that the 20S proteasome degrades the substrate of interest (SOI). 
As outlined above, there are three major steps; the first is the iden-
tification of the proteasome subunit targeted by the substrate. The 
second describes the experimental strategies to identify the degron 
motif, and the third deals with in cellulo physiological validation of 
the degron function. The methods highlighted here are those used 
by us in discovering the 20S UID p21 degron [22].

As described above, we used the BiFC (Bimolecular Fluorescence 
Complementation) approach, which detects protein–protein inter-
actions in living cells. The method splits a fluorescent protein (e.g., 
GFP, YFP, Venus) into two non-fluorescent halves, each fused to a 
different protein of interest. If the proteins interact, the halves reas-
semble into a functional fluorescent protein, producing a detectable 
signal that directly indicates interaction in a cellular context. Direct 
visualization of each positive cell can be easily quantified. However, 
this method might introduce a high background because sometimes 
fragments reassemble spontaneously without real interaction, leading 
to false positives, and once GFP fragments reassemble, the complex 
is stable. It is advised to avoid cotransfection and to transfect cells 
that stably express one of the fragments to decrease the background.

	1.	 Generation of stable cell lines: Seed the cells of interest, in our 
protocol, the U2OS cells at ~50% confluency, and infect with 
lentivirus encoding one of the PSMA subunits fused to CC155. 
Lentivirions are produced in HEK293T cells by cotransfecting 
a transfer plasmid (with your gene of interest and promoter) 
with packaging plasmids (providing viral proteins in trans) and 
an envelope plasmid (defining tropism, e.g., VSV-G). They are 
designed as self-inactivating for safety and can stably integrate 
into host genomes. Work must be done in approved BSL-
2+​ labs, with institutional biosafety approval, since lentivirus 

3.1  Identification of 
Proteasome Subunit 
Interactions by BiFC
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Chapter 4

UbiSite Approach: Global Site-Specific Profiling of Canonical 
and Non-Canonical Ubiquitination in Cells and Tissues

Nicoline Kingo Pedersen, Vyacheslav Akimov and Blagoy Blagoev

Abstract
Ubiquitination is a complex post-translational modification that regulates a wide range of cellular processes 
through the covalent attachment of ubiquitin to substrate proteins. While canonical ubiquitination occurs 
on lysine residues, non-canonical modifications on serine, threonine, and the protein N-terminus are 
increasingly recognized. This chapter describes the UbiSite approach, a refined strategy for site-specific 
mapping of global ubiquitination using mass spectrometry-based proteomics. The method relies on 
digestion of the proteome of interest with LysC endopeptidase. LysC digestion leaves a 13 amino acid 
remnant on the ubiquitinated site of modified peptides, and this remnant is recognized by the monoclonal 
UbiSite antibody allowing selective enrichment of ubiquitinated peptides. Tens of thousands modification 
sites are readily identified from cells or tissue extracts in a single UbiSite experiment with the workflow 
described here. The 13 amino acid remnant is unique to ubiquitin and the UbiSite antibody thereby 
discriminates ubiquitin from other ubiquitin-like modifiers and enables detection of both canonical and 
non-canonical ubiquitination. The UbiSite procedure can be automated and combined with label-free 
quantification as well. UbiSite offers a robust and versatile platform for comprehensive ubiquitinome 
profiling with enhanced specificity and depth, enabling new insights into the regulatory roles of ubiquitin 
across diverse biological contexts.

Keywords  Mass spectrometry, Ubiquitin, Ubiquitylation, UbiSite, Affinity purification, Canonical 
ubiquitination, Non-lysine ubiquitination, N-terminal ubiquitination

1  Introduction

Ubiquitination is a dynamic and highly regulated post-translational 
modification (PTM) in which the small protein ubiquitin is cova-
lently attached to substrate proteins. This process is mediated by an 
enzymatic cascade involving ubiquitin-activating enzymes (E1s), 
ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases (E3s) [1]. 
Among these, E3 ligases confer substrate specificity and carry out the 
final transfer of ubiquitin to target proteins. Ubiquitin can be attached 
as a single moiety (monoubiquitination) or as polyubiquitin chains, 

1.1  Ubiquitination: 
A Complex Post-
Translational 
Modification
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which can vary in linkage type, length, and topology, contributing 
to the functional diversity of this modification [1–3].

Ubiquitination of proteins is involved in virtually all cellular 
processes [4] and its functional consequences depend on both the 
site of modification and the linkage type, making it a highly complex 
and versatile PTM. Ubiquitin is most commonly conjugated to lysine 
residues, although modifications on the N-terminal amino group of 
proteins and non-canonical residues such as serine, threonine, and 
cysteine have also been reported [4–7]. These non-canonical ubiq-
uitination events are less well understood but increasingly recognized 
for their biological importance [8–11].

Global profiling of the endogenous ubiquitinated proteome is tech-
nically challenging due to the low abundance and dynamic nature 
of the modification. Ubiquitinated proteins often exist in substo-
ichiometric quantities relative to their unmodified counterparts, 
and the modification itself can be rapidly reversed [12, 13]. As a 
result, sensitive and selective enrichment strategies are essential to 
isolate ubiquitinated species prior to mass spectrometry (MS)-based 
identification [8].

One approach is to use protein-level enrichment with, e.g., 
ubiquitin-binding domains or ubiquitin-specific antibodies [14–16]. 
While these strategies are effective for capturing ubiquitinated pro-
teins, they are limited by the diversity of ubiquitin linkage types and 
typically enrich only a subset of the ubiquitinome. Additionally, when 
the enriched ubiquitinated substrates are proteolytically digested, the 
majority of the generated peptides will originate from the unmod-
ified regions of the substrate and the attached ubiquitin moieties, 
which reduces the chance of identifying the actual modification site 
[17–19].

To achieve site-specific resolution, enrichment at the peptide level 
has become the preferred strategy. In these strategies, the proteome is 
enzymatically digested into peptides, and those peptides containing 
ubiquitin-derived remnants are selectively enriched. The first method 
developed for this purpose was the use of a diglycine (diGly) antibody, 
which captures peptides carrying the diGly remnant left on lysines 
after trypsin digestion [20]. This approach enables high-throughput 
mapping of canonical ubiquitination sites and has since its develop-
ment been used in numerous studies to greatly improve our under-
standing of ubiquitinated proteins [21–25]. However, the diGly 
antibody has been reported to display sequence-specific biases [23], it 
cannot capture N-terminal and non-canonical ubiquitination events, 
and the diGly remnant is not unique to ubiquitin but is shared with 
other ubiquitin-like modifiers, namely NEDD8 and ISG15 [22, 26]. 
The Stable Tagged Ubiquitin Exchange (StUbEx)-PLUS approach 
was developed to overcome some of these limitations [27]. In this 
approach, the endogenous ubiquitin is knocked down in cells by 

1.2  Mapping of 
Ubiquitination Sites
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shRNA and simultaneously replaced by a 6×​ histidine-tagged version 
of ubiquitin resistant to the shRNA. The introduced histidine tag is 
placed internally, in the region between the last lysine of ubiquitin 
and its C-terminus. When the proteome is digested into peptides 
using the endopeptidase LysC instead of trypsin, the histidine tag 
becomes part of the ubiquitin remnant left on the modified sites 
and can be used for peptide-level enrichment of ubiquitinated pep-
tides. While this allows for discrimination of ubiquitin from other 
ubiquitin-like modifiers without sequence-specific biases, it requires 
engineering of the studied system, and it is, therefore, not suited for 
tissue studies [27].

The UbiSite approach was developed to address the limitations of 
the current peptide-level strategies [4]. With the UbiSite approach, 
the proteome is digested into peptides using LysC. This leaves a 
13 amino acid remnant on modified sites, which is recognized by 
the monoclonal UbiSite antibody (Fig. 1A). This longer remnant 
is unique to ubiquitin, and therefore, allows it to be discriminated 
from the ISG15 and NEDD8 modifications. Additionally, since the 
UbiSite antibody is directed towards a region solely within ubiq-
uitin, the capture of ubiquitination events is independent of the 
ubiquitinated substrate (could even be of non-protein nature) and 
thus expands the detectable landscape of ubiquitin modifications to 
include both canonical and potential non-canonical ubiquitination 
[4, 6, 28].

This chapter provides a comprehensive description of the UbiSite 
approach (Fig. 1), including: cross-linking of UbiSite antibody to 
beads (Sect. 3.1), protein extraction from cells or tissues (Sect. 3.2), 
LysC digestion and peptide clean-up (Sects. 3.3 and 3.4), UbiSite 
enrichment (Sect. 3.5), sample preparation and LC–MS/MS setup 
for label-free analysis (Sects. 3.6 and 3.7), and important parameters 
for the database search (Sect. 3.8).

2  Materials

Prepare buffers and solutions using ultrapure water (18.2 MΩ​-cm at 
25°C) and use protein low-binding tubes whenever possible.

	1.	 Protein G magnetic beads (MagReSyn, MR-PRG002).
	2.	 UbiSite antibody, clone 2G7B8 (Sigma, MABS486).
	3.	 Phosphate-buffered saline (PBS).
	4.	 PBS with 0.1% Triton X-100.
	5.	 0.2 M sodium borate buffer, pH 9.0: Dissolve 38.14 g of 

sodium tetraborate decahydrate in 500 mL of water (final 
volume) and heat to 37°C. Cool down to room temperature 
(RT), once it is completely dissolved. Adjust pH to 9.0 with 
32% of HCl (see Note 1).

2.1  Cross-Linking 
of UbiSite Antibody to 
Beads
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Fig. 1  UbiSite approach for global site-specific profiling of ubiquitination in cells and tissues. (A) Illustration 
of the 13 amino acid ubiquitin remnant that is recognized by the UbiSite antibody after LysC digestion of the 
proteome. The UbiSite antibody has affinity for the LysC remnant and is suited for enrichment of ubiquiti-
nated canonical lysines (K), protein N-terminus and non-canonical sites including serine (S), threonine (T) or 
any other amino acid (X). When the LysC peptides are digested with trypsin, a GlyGly signature tag remains 
on the modified site. (B) Workflow of the UbiSite procedure. (C) Ubiquitinated lysine sites identified in a 
single DDA or DIA run on an Exploris 480 from 1–5 mg of protein extracted from Jurkat cells treated with 
bortezomib. (D–E) The UbiSite data allow for downstream analysis of differentially ubiquitinated proteins 
(D) and regulated individual sites (E) when comparing different cellular states, treatments, etc. (F) Workflow 
of the UbiSite procedure using increased amount of starting material and off-line fractionation for deeper 
ubiquitinome coverage. Figure created with BioRender [37]
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	6.	 0.2 M ethanolamine, pH 8.0: Dilute 2.42 mL of 100% etha-
nolamine stock (16.56 M) in 200 mL of water (final volume). 
Adjust the pH to 8.0 with HCl (see Note 2).

	7.	 Dimethyl pimelimidate dihydrochloride (DMP).
	8.	 10% sodium azide.
	9.	 Magnetic rack.

	1.	 Lysis buffer: 8 M guanidinium-hydrochloride, 50 mM HEPES 
(pH 8.0).

	2.	 Sonicator (Q500 sonicator from Qsonica or equivalent).
	3.	 BCA protein assay kit and standards.

	1.	 500 mM tris (2-carboxyethyl)phosphine hydrochloride (TCEP, 
see Note 3).

	2.	 550 mM chloroacetamide (CAA, see Note 4).
	3.	 50 mM HEPES, pH 8.5.
	4.	 pH strips.
	5.	 1 mg/mL LysC (from KPL ApS or equivalent).

Use MS-grade solvents.
	1.	 25% trifluoroacetic acid (TFA).
	2.	 0.1% TFA.
	3.	 100% methanol.
	4.	 Solvent B: 60% acetonitrile, 0.1% TFA.
	5.	 C18 cartridge.
	6.	 Syringe.
	7.	 Spectrophotometer.
	8.	 Freeze dryer for lyophilization (ScanVac CoolSafe from 

LaboGene or equivalent).

	1.	 UbiSite antibodies cross-linked to magnetic beads (see Note 5 
and Sect. 2.1 and 3.1).

	2.	 IAP buffer: 50 mM MOPS (pH 7.5), 10 mM sodium phos-
phate, 50 mM NaCl.

	3.	 Triton X-100.
	4.	 150 mM NaCl.
	5.	 Low-binding protein tubes.
	6.	 0.15 % TFA.
	7.	 0.5 M HEPES, pH 8.0.
	8.	 0.5 M HEPES, pH 8.5.
	9.	 Trypsin, MS-grade.

2.2  Protein 
Extraction from Cells 
or Tissue

2.3  Protein 
Reduction, Alkylation, 
and LysC Digestion

2.4  Purification 
of LysC-Digested 
Peptides

2.5  UbiSite 
Enrichment
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	10.	 pH strips.
	11.	 Water bath sonicator.
	12.	 KingFisher Duo Prime with BindIt software (Thermo 

Scientific) or equivalent.
	13.	 KingFisher Duo Prime plastics for 96 deep-well format 

(Thermo Scientific) or equivalent.

Use MS-grade solvents
	1.	 25% TFA.
	2.	 0.1% TFA.
	3.	 Solvent B: 60% acetonitrile, 0.5% acetic acid.
	4.	 100% methanol.
	5.	 C18 reversed-phase disks.
	6.	 200 µ​L pipette tips.
	7.	 96-well MS plate.
	8.	 Vacuum centrifuge.
	9.	 pH strips.

Use MS-grade solvents
	1.	 Analytical column: 24 cm column packed with 1.9 µ​m C18 

beads.
	2.	 Nano-flow high-performance liquid chromatography (LC) 

system: EASY-nLC 1000 (Thermo Scientific) or equivalent.
	3.	 Mass Spectrometer (we used Orbitrap Exploris 480 (Thermo 

Scientific) for the experiments described below).
	4.	 Solvent A: 0.5% acetic acid.
	5.	 Solvent B: 80% acetonitrile, 0.5% acetic acid.

	1.	 MaxQuant version 2.6.4.0 or later (Max Planck Institute 
of Biochemistry, Germany) for data-dependent acquisition 
(DDA) data [29, 30].

	2.	 Spectronaut version 18 or later (Biognosys) for data-independ-
ent acquisition (DIA) data.

3  Methods

This protocol describes the UbiSite approach starting from collected 
cell pellets or tissue samples (Fig. 1B). The protocol provided here 
is optimized for protein starting amounts of 1–5 mg and is readily 
applicable for label-free quantitation experiments. In the workflow 
below, we used Jurkat cells treated with proteasomal inhibitors. This 

2.6  Sample 
Preparation for 
LC–MS/MS Using 
StageTips

2.7  LC–MS/MS 
Analysis

2.8  MS Data 
Processing
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usually yields more than 1500 unique sites using DDA and more 
than 12,000 unique sites with DIA from a single run on an Orbitrap 
Exploris 480 mass spectrometer (Fig. 1C).

	 1.	 Vortex the stock of magnetic Protein G beads and transfer 
1 mL of slurry to a 15 mL tube.

	 2.	 Wash the beads 2×​ with 10 mL of PBS.
	 3.	 Add 3.6 mg of UbiSite antibody to the beads and adjust the 

volume to 10 mL with PBS (see Note 7).
	 4.	 Incubate at 4°C for 1.5–3 h with bottom-up rotation at 

10–12 RPM.
	 5.	 Keep the flow-through and wash the beads 2×​ with 10 mL of 

PBS (see Note 8).
	 6.	 Wash the beads 2×​ with 10 mL of 0.2 M sodium borate buffer.
	 7.	 Add fresh 12 mL of 0.2 M sodium borate buffer to the beads.
	 8.	 Weigh ~70–80 mg of DMP (see Note 9) and add it directly to 

the bead-buffer solution. Mix immediately.
	 9.	 Incubate for 45 min at RT with rotation at 10 RPM.
	10.	 Remove the DMP solution and wash the beads once with 

0.2 M sodium borate buffer. Discard the buffer.
	11.	 Add 12 mL of 0.2 M ethanolamine for quenching. Incubate 

for 1.5 h at RT with rotation at 10 RPM (see Note 10).
	12.	 Wash the beads 3×​ with 10 mL of PBS containing 0.1% Triton 

X-100.
	13.	 Resuspend the beads in PBS containing 0.1% Triton X-100 to 

a final slurry volume of 1 mL (see Note 8).
	14.	 Add sodium azide to a final concentration of 0.05% and store 

at 4°C.

	 1.	 Resuspend samples in RT lysis buffer at a 1:3 ratio 
(sample:buffer).

	 2.	 Sonicate for 30 s at 20% amplitude. Repeat if samples remain 
viscous.

	 3.	 Centrifuge 16,000 RCF for 15 min at RT. Transfer the super-
natant to new tubes.

	 4.	 Measure protein concentrations using a BCA assay.
	 5.	 Use 1–5 mg of protein (see Note 12).

	 1.	 Reduce and alkylate proteins by incubating samples with a 
final concentration of 5 mM TCEP and 11 mM CAA (see 
Note 4) for 30 min at RT protected from light (see Note 13).

	 2.	 Dilute lysates to 2 M guanidinium-hydrochloride with 50 mM 
HEPES, pH 8.5. Confirm that pH is 8.5 with a pH strip.

3.1  Cross-Linking 
of UbiSite Antibody to 
Beads (see​ Note 6)

3.2  Protein 
Extraction from Cells 
or Tissue (see​ Note 11)

3.3  Protein 
Reduction, Alkylation, 
and LysC Digestion
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	3.	 Add LysC at a 1:100 ratio (LysC:protein, e.g., 10 µ​g of LysC 
per 1 mg of protein). Incubate overnight (~16 h) at RT (see 
Note 14).

Use a C18 cartridge with appropriate binding capacity (see Note 15). 
Take up the specified volume of solution in a syringe and attach it to 
the cartridge. Apply pressure to push the solutions through with 1–2 
drops/s. Avoid drying the cartridge during equilibration, washing, 
and sample loading.

	 1.	 Wash one cartridge per sample with 4 mL of 100% methanol.
	 2.	 Wash with 4 mL of Solvent B.
	 3.	 Wash and equilibrate 2×​ with 12 mL of 0.1% TFA.
	 4.	 Acidify the LysC digested samples by adding TFA to a final 

concentration of 1% and confirm that the pH~2.0 with a pH 
strip.

	 5.	 Centrifuge samples at 3000 RCF for 5–10 min at RT.
	 6.	 Collect supernatant using a syringe and needle, avoiding the 

pellet.
	 7.	 Load the sample onto the equilibrated cartridge by applying 

pressure to push the sample through with 1 drop/s.
	 8.	 Wash the cartridge 2×​ with 12 mL of 0.1% TFA.
	 9.	 Elute the peptides with 2 ×​ 2 mL of Solvent B into a 15 mL 

tube. Make sure to collect all the elution by flushing air 
through the cartridge. Combine the elutions and vortex 
gently.

	10.	 Measure the peptide concentration in the elution with a UV 
spectrophotometer.

	11.	 Prepare samples for lyophilization of the peptides: Freeze the 
samples at −​80°C for 8–16 h. Freeze the tubes tilted to max-
imize the free surface of the samples, which will speed up the 
subsequent lyophilization process.

	12.	 When the samples are frozen, make a small hole in the tube 
caps and lyophilize for 12–24 h (see Note 16).

	 1.	 Dissolve lyophilized peptides in IAP buffer to have a peptide 
concentration of 2–5 mg/mL. The peptides should be dis-
solved in a maximum of 1 mL, which is the capacity of the 
wells in the KingFisher plates used for automated enrichment.

	 2.	 Add Triton X-100 to a final concentration of 0.2% and vortex.
	 3.	 Let peptides dissolve for 5 min. If the solution is not clear but 

cloudy, sonicate samples for 5 min in a water bath at RT.

3.4  Purification 
of LysC-Digested 
Peptides

3.5  UbiSite 
Enrichment
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	 4.	 Confirm that the pH is 7.5–8.0 with a pH strip. If the sam-
ples are acidic, add HEPES, pH 8.0, to a final concentration 
of 10 mM.

	 5.	 Centrifuge samples at 16,000 RCF for 10 min at 4°C.
Proceed with automated UbiSite enrichment using the King-
Fisher Duo Prime (see Note 17 for a description of manual 
handling).

	 6.	 Prepare KingFisher plates and elution strips according to the 
schematic overview in Table 1.

	 7.	 Use 20 µ​L of UbiSite magnetic bead slurry per 3 mg peptide 
(see Note 18).

	 8.	 Run the KingFisher program as described in Table 2 
(see Note 19).

Table 1
Overview of the content of the KingFisher (KF) plates and elution strips used for automated UbiSite 
enrichment, subsequent washes, and elution with the KingFisher Duo Prime

Plate/strip name Well Name of well Content information Volume

KF plate 1*

A LysC peptides LysC peptides in IAP +​ 0.2% 
Triton X-100

1 mL

B UbiSite beads UbiSite beads in IAP +​ 0.2% 
Triton X-100

1 mL

C IAP wash 1 IAP +​ 0.2% Triton X-100 1 mL

D IAP wash 2 IAP +​ 0.2% Triton X-100 1 mL

E IAP wash 3 IAP +​ 0.2% Triton X-100 1 mL

F IAP wash 4 IAP 1 mL

G Store used beads IAP 500 µ​L

H Comb 1 Place comb 1 –

KF plate 2*

A IAP wash 5 IAP 1 mL

B IAP wash 6 IAP 1 mL

C IAP wash 7 IAP 1 mL

D IAP wash 8 IAP 500 µ​L

E IAP wash 9 IAP 500 µ​L

F IAP wash 10 IAP 500 µ​L

G NaCl wash 1 150 mM NaCl 500 µ​L

H Comb 2 Place comb 2 –

Elution strip 1** A Elution 1 0.15 % TFA 60 µ​L

Elution strip 2** A Elution 2 0.15 % TFA 60 µ​L

*Use cold solutions, **Use solutions at RT
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	 9.	 Optional: The eluted LysC-digested peptides can be prepared 
directly for LC–MS/MS (proceed to Sect. 3.6); however, 
we recommend to further digest the enriched peptides with 
trypsin, as described below (see Note 20).

	10.	 Neutralize eluted peptides by adding HEPES, pH 8.5, to a 
final concentration of 100 mM. Confirm pH 8.5 with a pH 
strip. Use as little sample as possible for the pH test (0.5 µ​L).

	11.	 Add 75 ng of trypsin per 3 mg of the peptide starting amount 
(measured in Sect. 3.4, Step 10).

Table 2
Suggested settings for automated UbiSite enrichment using the KingFisher Duo Prime. The program 
takes approximately 3.5 h

Step Protocol step Name of well KingFisher settings

1 Pickup Comb 1 KF plate 1 (H)

2 Collect UbiSite 
beads

KF plate 1 (B) Collect count: 5, Collect time: 30 s

3 Pulldown of LysC 
peptides

KF plate 1 (A) Release beads: 10 s, speed =​ slow
Mix time: 2 h, speed =​ slow, temperature =​ 10°C
Collect beads: Count: 5, Collect time: 30 s

4-9 IAP wash 1–6 KF plate 1 (C-F) 
KF plate 2 
(A-B)

Release beads: 10 s, speed =​ slow
Mix time: 1 min, speed =​ slow
Collect beads: Count: 5, Collect time: 30 s

10 IAP wash 7 KF plate 2 (C) Release beads: 10 s, speed =​ slow
Mix time: 1 min, speed =​ slow
(do not collect beads)

11 Leave Comb 1 KF plate 1 (B)

12 Pickup Comb 2 KF plate 2 (H)

13 Collect UbiSite 
beads

KF plate 2 (C) Collect count: 5, Collect time: 30 s

14–16 IAP wash 8–10 KF plate 2 (D-F) Release beads: 10 s, speed =​ slow
Mix time: 1 min, speed =​ slow
Collect beads: Count: 5, Collect time: 30 s

17 NaCl wash 1 KF plate 2 (G) Release beads: 10 s, speed =​ slow
Mix time: 30 s, speed =​ slow
Collect beads: Count: 5, Collect time: 30 s

18 Elution 1 Elution strip 1 
(A)

Release beadsMix time: 7.5 min, speed =​ FastCollect 
beads

19 Elution 2 Elution strip 2 
(A)

Release beads
Mix time: 7.5 min, speed =​ Fast
Collect beads

20 Leave Comb2 and 
UbiSite beads

KF plate 1 (G)
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	12.	 Mix by flicking the tube, spin down, and incubate overnight 
at 37°C.

	 1.	 Acidify the samples by adding TFA to a final concentration of 
0.5%. Confirm pH ~2.0.

	 2.	 Prepare one StageTip per sample by packing 2×​ C18 disks 
into a 200 µ​L pipette tip [31] (see Note 21).

	 3.	 Wash the StageTip 1×​ with 10 µ​L of 100% methanol.
	 4.	 Wash 1×​ with 30 µ​L of Solvent B.
	 5.	 Wash and equilibrate 2×​ with 30 µ​L of 0.1% TFA.
	 6.	 Load sample.
	 7.	 Wash 2×​ with 30 µ​L of 0.1% TFA.
	 8.	 Elute peptides 2×​ with 20 µ​L of Solvent B into a 0.5 mL tube.
	 9.	 Evaporate solvent from the elutions in a vacuum centrifuge at 

RT until 0.5–1 µ​L of the elution is left.
	10.	 Resuspend peptides in an appropriate volume of 0.1% TFA 

and transfer the samples into a 96-well MS plate. The pep-
tides are now ready for LC–MS/MS.

Historically, DDA has been the standard for PTM analysis, offer-
ing high-quality spectra by selectively fragmenting the most abun-
dant precursor ions. However, DDA is inherently stochastic, often 
resulting in missing values across replicates [32]. With the newer 
generations of mass spectrometers, DIA performs equally well or 
better than DDA for ubiquitin analysis [28]. DIA fragments all ions 
within defined mass-to-charge (m/z) windows, providing more 

3.6  Sample 
Preparation for 
LC–MS/MS Using 
StageTips

3.7  LC–MS/MS 
Analysis

Table 3
Suggested gradient for nano-LC–MS/MS analysis of tryptic ubiquitinated peptides (DDA and DIA)

Time (min) Flow rate (nL/min) % Solvent Ba

0 250 7

3 250 7

10 250 12

96 250 35

111 250 45

112 250 95

117 250 95

118 250 7

120 250 7
aSolvent B =​ 80% Acetonitrile, 0.5% acetic acid



64 Nicoline Kingo Pedersen et al.

comprehensive and reproducible coverage of the ubiquitin-mod-
ified proteome. Combining the UbiSite approach with label-free 
DIA allows for deep ubiquitinome profiling from as little as 1–5 mg 
of protein starting material, without compromising data quality  
(see Note 12).

The LC–MS/MS setup used in this protocol includes an Orbitrap 
Exploris 480 mass spectrometer coupled to an EASY-nLC 1000 LC 
system. Acquisition parameters are detailed in Table 3 (LC settings) 
and Table 4 (MS settings).

Several advanced software tools are compatible with the identification 
and quantification of ubiquitin-modified peptides. In this protocol, 
MaxQuant is used for DDA data and Spectronaut for DIA data.

	1.	 Open MaxQuant version 2.6.4.0 or later versions [29, 30].
	2.	 Load raw DDA files and set experiment.
	3.	 In the Group-specific parameter module, configure the follow-

ing parameters:

3.8  MS Data 
Processing

3.8.1  Peptide and Protein 
Identification from DDA 
Data Using MaxQuant

Table 4
Suggested MS and MS/MS acquisition parameters for the analysis of tryptic ubiquitin peptides using 
DDA and DIA on an Orbitrap Exploris 480 mass spectrometer

Parameter DDA DIA

Ionization mode Positive Positive

MS1 orbitrap resolution 60 K 120 K

MS1 scan range (m/z) 350–1500 350–1400

MS1 normalized AGC target (%) 300 300

MS1 maximum Injection time (ms) 25 45

MS2 mass range – 361–1033

MS2 isolation window (m/z) 1.2 12

MS2 window overlap (m/z) – 1

MS2 scan events – 56

MS2 orbitrap resolution 30 K 30 K

MS2 normalized AGC target (%) 200 1000

MS2 maximum Injection time (ms) 54 54

HCD collision energy (normalized, %) 30 28

Intensity threshold 1.0e4 –

Included charge states 2–6 –

Dynamic exclusion 60 s with a ±​10 ppm window –

DDA method Top 12 number of scans –
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	a.	 Go to Digestion and choose Trypsin/P as enzyme.
	b.	 Go to Modifications and add the Acetyl (Protein N-term), 

Oxidation (M), and GlyGly (K) [+​114.04 Da] as variable 
modifications (see Note 22).

	 4.	 In the Global parameters module, go to Sequences and load an 
appropriate protein database.

	 5.	 Start the search.
	 6.	 When the search is completed, download the.txt files for 

identification and quantitation of unique GlyGly-modified 
peptides.

	 7.	 Proceed with downstream data analysis (see Note 23).

	 1.	 Open Spectronaut version 18 or later versions.
	 2.	 Set up a DirectDIATM analysis (library-free workflow) [33].
	 3.	 Load the DIA raw files and select the appropriate protein 

database.
	 4.	 Select the search and extraction settings schema for direct-

DIATM analysis using the BGS Factory Settings (default) as a 
template.

	 5.	 In the Pulsar search module, configure the following 
parameters:
	a.	 Go to Peptides and choose Trypsin/P as enzyme.
	b.	 Go to Modifications and add the Acetyl (Protein N-term), 

Oxidation (M), and GlyGly (K) [+​114.04 Da] as variable 
modifications (see Note 22).

	 6.	 In the DIA analysis module, configure the following 
parameters:
	a.	 Go to Quantification and enable the Cross-Run 

Normalization; set Normalization Filter Type to None 
(see Note 24).

	b.	 Go to PTM Workflow and enable PTM Localization, 
with a probability cutoff of 0.75; enable PTM Analysis, 
Hierarchical Clustering, and Multiplicity.

	 7.	 Specify experimental conditions.
	 8.	 Start the search.
	 9.	 When the search is completed, generate a report containing 

columns for identification and quantitation of unique GlyGly-
modified peptides.

	10.	 Proceed with downstream data analysis (see Notes 23 and 25, 
and Fig. 1D–E).

3.8.2  Peptide and Protein 
Identification from DIA 
Data Using Spectronaut
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4  Notes

	 1.	 The sodium borate buffer may show slight crystallization. 
Make sure it is completely dissolved before use.

	 2.	 Adjust the pH to 8.0 slowly with HCl. Small additions of acid 
can cause large pH shifts.

	 3.	 TCEP is purchased as a 0.5 M aqueous solution at pH 7.0. It 
is sensitive to oxidation, make sure to use fresh aliquots for 
optimal reducing efficiency. Store unopened vials at 4°C pro-
tected from light. After opening, aliquot and store at −​20°C 
(long-term) or 4°C (short-term). Dithiothreitol (DTT) may 
be used as an alternative reducing agent (see Note 13).

	 4.	 CAA is light-sensitive, and stocks should be stored at −​20°C 
protected from light. Iodoacetamide (IAA) is another com-
monly used alkylation reagent; however, it is not recom-
mended for the UbiSite procedure or for ubiquitination 
analysis overall. The reactivity of IAA is much greater than 
CAA, which drastically increases the risk of side reactions 
between IAA and unmodified lysines, forming a 2-acetami-
doacetamide modification with a mass identical to the diGly 
remnant [34].

	 5.	 Various types of Protein G beads are suitable for enrichment. 
We have evaluated multiple agarose-based and magnetic 
Protein G bead formulations. Optimal bead performance is 
characterized by a high antibody binding capacity and mini-
mal non-specific binding. Based on our observations, agarose 
beads generally exhibit superior antibody binding efficiency. 
However, magnetic beads are compatible with automated 
workflows, while performing similarly to agarose beads in 
terms of specificity and yield.

	 6.	 The beads can be prepared in advance and stored at 4°C 
with sodium azide for at least 1 year. Do not freeze. The 
cross-linking procedure is the same for other types of mag-
netic or agarose beads. We recommend to cross-link the 
UbiSite antibody to beads to prevent coelution of antibodies 
with the enriched peptides. Co-elution of the antibody will 
result in high contaminating background during MS analysis, 
hindering the identification of ubiquitinated peptides.

	 7.	 Assess the antibody binding capacity of the selected beads 
before use. Add 5%–10% more antibody than the estimated 
binding capacity to ensure saturation of the beads. It will help 
maximize enrichment efficiency and minimize variability in 
enrichment performance.

	 8.	 To verify cross-linking efficiency, perform Western blot-
ting using 30 µ​L of the flow-through from Sect. 3.1, Step 5 
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together with an aliquot of the cross-linked beads correspond-
ing to 3–5 µ​g of UbiSite antibody (from Sect. 3.1, Step 13). 
Use a mouse secondary antibody for probing the Western 
blot. With successful cross-linking, only the light antibody 
chain should be observed. Both the light and heavy antibody 
chains may appear in the flow-through and can be used to 
estimate if the beads were completely saturated with antibody.

	 9.	 Up to 95 mg of DMP is acceptable. The compound may be 
sticky during weighing, and a slight excess of DMP does not 
compromise the efficiency of the procedure.

	10.	 Beads may clump during quenching. Make sure to resuspend 
thoroughly before proceeding.

	11.	 Samples can be stored at −​20°C in lysis buffer, but it is rec-
ommended to proceed to lyophilization of LysC peptides 
(Sects. 3.2–3.4), which is the best stage in the protocol for 
storing the samples.

	12.	 It is crucial to measure the protein concentration to esti-
mate the correct amount of LysC to be used for digestion. 
For the Orbitrap Exploris 480 instrument, 1–5 mg starting 
protein material is usually sufficient for DIA-based profil-
ing of ubiquitinated sites; however, the depth will depend 
on sample types, treatments, etc. In our hands, 1–5 mg of 
protein extracted from cells treated with a proteasome inhib-
itor usually provide more than 12,000 identified sites from a 
single run. Deeper identification can be achieved with faster 
and more sensitive instruments like the Orbitrap Astral mass 
spectrometer (Thermo Scientific), which to our experience, 
results in >​2 times more ubiquitinated sites in a single run. 
Alternatively, a deeper ubiquitinome coverage can be achieved 
by increasing the starting material, combined with offline 
fractionation of the sample, e.g., by high pH reversed phase 
chromatography, and then each fraction can be analyzed sep-
arately by LC–MS/MS (Fig. 1F) [4, 35].

	13.	 If DTT is used as a reducing reagent instead of TCEP, incu-
bate with a final concentration of 2 mM DTT for 30 min at 
RT before alkylation with CAA for 30 min at RT [4].

	14.	 After LysC digestion, samples may appear milky due to 
undigested bigger peptides, chromatin leftover, lipids, or 
cell debris. This is normal—proceed to the next step in the 
procedure.

	15.	 Use a C18 cartridge with appropriate binding capacity for 
the peptide amount. The volumes specified in the protocol 
are for the use of one cartridge per sample (3 mg peptides). 
Volumes can be scaled up if more cartridges are required per 
sample.
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	16.	 To our experience, lyophilization is critical for the enrichment 
efficiency and should not be substituted with other means of 
reducing the volume or drying. Correctly lyophilized pep-
tides should appear as powder or flakes, not solid traces.

	17.	 Manual enrichment protocol using a magnetic rack as an 
alternative to the KingFisher automation. If agarose beads 
(not magnetic) are used instead, the beads are pelleted with a 
table microcentrifuge:
•	 Use 20 µ​L of UbiSite bead slurry per 3 mg of peptides (see 

Note 18).
•	 Wash beads 1×​ with cold IAP buffer containing 0.2% 

Triton X-100.
•	 Incubate beads with sample for 1.5 h at 4°C with rotation 

at 10 RPM (see Note 19).
•	 Wash beads 3×​ with 1 mL of cold IAP buffer containing 

0.2% Triton X-100 for 3 min with rotation at 4°C.
•	 Wash beads 3×​ with 1 mL of cold IAP buffer by gently 

flipping the tube. Allow sufficient time for the beads to 
reach the magnet. It usually takes longer when there is no 
detergent in the buffer, as the beads will stick more to the 
plastic. It can be beneficial to flip the tube while the sam-
ples are on the magnet.

•	 Resuspend beads in 1 mL of cold IAP buffer and transfer 
to a new protein low-binding 1.5 mL tube.

•	 Wash beads 3×​ with 1 mL of cold IAP buffer.
•	 Wash 1×​ with 1 mL of 150 mM NaCl.
•	 Elute peptides by adding 30 µ​L of 0.15% TFA and incubate 

for 5 min at RT. Mix beads by flicking the tube every min-
ute. Transfer elution to a new protein low-binding tube.

•	 Repeat the elution step two more times and combine with 
the first elution.

•	 Proceed to Sect. 3.5, Step 9.

	18.	 In this protocol, 20 µ​L of UbiSite bead slurry corresponds 
to 75 µ​g of UbiSite antibody and is used per 3 mg of pep-
tide. If other beads are used, adjust the volume based on the 
antibody-binding capacity of the beads to have 75–100 µ​g 
of UbiSite antibody per 3 mg of peptide. Scale up or down 
accordingly.

	19.	 Do not incubate the UbiSite beads with LysC peptides over-
night, as the prolonged incubation increases non-specific 
binding of unmodified peptides. If you use agarose beads, 
incubate for 3 h.
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	20.	 After elution, the enriched LysC peptides are further digested 
with trypsin to enhance MS compatibility and identification 
[4, 36]. The LysC peptides can indeed be analyzed directly; 
however, these peptides are generally longer and carry a longer 
ubiquitin remnant, resulting in fewer identified ubiquitinated 
sites. Since the selective enrichment of ubiquitinated peptides 
is already completed at this stage, we recommend continuing 
with trypsin digestion as described in detail in the step-by-
step procedure. This dual digestion improves peptide frag-
mentation and identification efficiency, facilitating deeper and 
more accurate profiling of the ubiquitin-modified proteome 
[4, 36].

	21.	 We make StageTips using a syringe-like tool to cut C18 disks 
with ~1 mm diameter, and two disks are inserted into a p200 
tip [31]. StageTips are also commercially available (e.g., CDS 
Empore).

	22.	 To add a new modification, open the Configuration mod-
ule in MaxQuant or the Databases module in Spectronaut, 
select Modification and add new. Give the modification an 
appropriate name (GlyGly (K)) and add the composition 
of the GlyGly remnant (C4H6N2O2) with a mass shift of 
114.04 Da. Specify the position to be not C-term and choose 
K as the modification site, or add other sites if non-canonical 
modifications are of interest, e.g., S or T. Save the modifica-
tion and use it in the search. For N-terminal modifications, 
specify the position to be the protein N-term and choose all 
amino acids as site.

	23.	 It is good practice to do quality control of the data includ-
ing a check of the enrichment efficiency. Because the UbiSite 
enrichment is performed on LysC peptides and subsequently 
digested with trypsin, an optimal enrichment efficiency will 
result in 30%–40% of tryptic peptides containing a GlyGly 
modification, while the remaining peptides are flanking pep-
tides to the modified site [4]. Additionally, ensure that only 
unique sites are included in the subsequent analysis by remov-
ing redundancies.

	24.	 For the UbiSite approach, it is not advised to change the 
Normalization Filter Type to Modification Type Filter. This 
filter type is normally recommended for samples with high 
PTM enrichment efficiency. UbiSite enrichment usually yields 
30%–40% of tryptic peptides containing a GlyGly modifica-
tion, while the remaining peptides are flanking peptides to 
the modified site (see Note 23). Both the modified peptides 
and the flanking peptides originate from the enriched sample 
and can, therefore, be included in the normalization.
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	25.	 The generated data are well suited for differential ubiquitina-
tion analysis—both at protein and individual site level—when 
comparing, e.g., different cellular states, drug responses, 
treatments, etc. (Fig. 1D–E).
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Chapter 5

Chemical and Enzymatic Approaches to C-Terminal Cyclic 
Imide Formation

Zhenguang Zhao, Ethan Yang Feng, Wenqing Xu and Christina M. Woo

Abstract
The C-terminal cyclic imide modification is recognized as a degron by the E3 ligase adapter cereblon 
(CRBN). Reliable methods to generate and measure this modification on CRBN substrates are essential for 
studying its biological function. In this chapter, we describe two complementary approaches for producing 
C-terminal cyclic imide-modified peptides and proteins: sortase-mediated transpeptidation and enzymatic 
conversion by protein carboxymethyltransferase (PCMT1). Additionally, we present analytical strategies, 
including a time-resolved Förster resonance energy transfer (TR-FRET) assay for measuring binding 
of substrates to CRBN in vitro and mass spectrometry methods for confirming cyclic imide formation. 
Together, these protocols provide practical methods for investigating the chemistry and biology of 
C-terminal cyclic imides.

Keywords  C-terminal cyclic imide, Cereblon, Targeted protein degradation, PCMT1, Sortase, 
TR-FRET, Mass spectrometry

1  Introduction

Post-translational modifications (PTMs) expand the chemical diver-
sity of proteins and play crucial roles in regulating their stability, 
localization, and function. Among these, the C-terminal cyclic imide, 
derived from the intramolecular cyclization of asparagine or glu-
tamine residues (denoted cN or cQ, respectively), is a PTM that is 
now gaining attention due to its association as a degradation signal, 
or “degron”, recognized by the E3 ligase substrate adapter cereblon 
(CRBN) [1]. C-Terminal cyclic imides, in particular C-terminal cN 
(see Note 1), can form spontaneously under physiological conditions 
[2] or enzymatically through the activity of protein carboxymethyl-
transferase (PCMT1) [3]. Once present, CRBN recognizes the C-ter-
minal cyclic imide in both endogenous and engineered substrates to 

The authors “Zhenguang Zhao, Ethan Yang Feng, and Wenqing Xu” contributed equally.

https://doi.org/10.1007/978-1-0716-5508-5_5
http://crossmark.crossref.org/dialog/?doi=﻿﻿10.1007/978-1-0716-5508-5_5﻿&domain=pdf


76 Zhenguang Zhao et al.

promote their proteasomal degradation. These findings have sparked 
a need for methods to generate and characterize proteins bearing 
this modification.

Beyond their function as a degron on proteins, C-terminal cyclic 
imides have applications in targeted protein degradation. Therapeutics 
such as thalidomide and its analogues act by structurally mimicking the 
C-terminal cyclic imide degron, which allows them to bind CRBN and 
redirect it to target novel “neosubstrates” for proteasomal degradation 
[1]. Recent efforts have employed prodrugs that exploit a mecha-
nism analogous to endogenous intramolecular cyclization to generate 
cyclic imide-based drugs in situ within cells [4]. Cyclic imide-based 
warheads inspired by the degron have also been used as scaffolds for 
proteolysis-targeting chimeras (PROTACs) to enable the degradation 
of protein targets with high potency and selectivity [5, 6]. The ability 
to generate and measure these species is, therefore, of interest for both 
fundamental research and translational applications.

To support investigation of CRBN substrates, efficient methods 
are needed to generate peptides or proteins bearing the C-terminal 
cyclic imide modification. In this chapter, we describe protocols 
for the controlled generation of C-terminal cyclic imide-modified 
peptides and proteins using two complementary approaches: (i) 
sortase-mediated transpeptidation, which enables tagging an engi-
neered protein of interest with a synthetic peptide bearing cN; and 
(ii) enzymatic conversion catalyzed by PCMT1, which promotes 
cN formation at C-terminal asparagine residues on peptide or pro-
tein substrates [3]. In addition, we describe analytical strategies 
for verifying C-terminal cyclic imide formation and assessing its 
functional consequences, including time-resolved Förster resonance 
energy transfer (TR-FRET) assays and mass spectrometry (MS). 
Additional methods for detecting cyclic imide-modified proteins in 
complex biological samples or for characterizing cyclic imide-based 
small-molecule ligands by TR-FRET are available in related work 
[7, 8]. Together, these techniques provide a toolkit for probing the 
chemistry and biology of the C-terminal cyclic imide.

2  Materials

	 1.	 2-chlorotrityl chloride (2-CTC) resin.
	 2.	 Hexafluoroisopropanol.
	 3.	 Dichloromethane (DCM).
	 4.	 Acetonitrile (MeCN).
	 5.	 Dimethylformamide (DMF).
	 6.	 HCl•​cN (in house).
	 7.	 Piperidine.

2.1  Chemical 
Synthesis of 
C-Terminal Cyclic 
Imide-Bearing 
Peptides
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	 8.	 Dimethylisopropylethylamine (DIPEA).
	 9.	 Hexafluorophosphate azabenzotriazole tetramethyl uronium 

(HATU).
	10.	 Triisopropylsilane (TIPS).
	11.	 Ethanedithiol (EDT).
	12.	 Trifluoroacetic acid (TFA).

	 1.	 pET29-eSrtA.
	 2.	 Co-NTA magnetic beads.
	 3.	 Zeba spin desalting columns, 7K MWCO, 5 mL.
	 4.	 Vivaspin spin concentrators.

	 1.	 S-adenosyl-methionine (SAM).
	 2.	 Tris(hydroxymethyl)aminomethane (Tris).

	 1.	 Tween-20.
	 2.	 Triton X-100.
	 3.	 Proxiplate-384 Plus.
	 4.	 Anti-His6 antibody.
	 5.	 Zeba spin desalting columns, 7K MWCO, 0.5 mL.
	 6.	 C5 lenalidomide (CAS: 191732-70-4).
	 7.	 CoraFluor-1-pentafluorophenyl (Pfp) ester.
	 8.	 Thalidomide-FITC.
	 9.	 D300e digital dispenser (HP).
	10.	 Plate reader compatible with TR-FRET measurements, such 

as PHERAstar FSX microplate reader (BMG Labtech).

	 1.	 S-Trap micro columns.
	 2.	 Pierce peptide desalting spin columns.
	 3.	 Proteases (dependent on protein of interest).
	 4.	 High-resolution LC–MS system with electrospray ionization, 

such as MicrOTOF II LC–MS (Bruker) for peptides, Impact 
II qTOF (Bruker) for intact proteins, and Orbitrap Eclipse 
Tribrid Mass Spectrometer (Thermo Fisher) for peptide 
digests.

2.2  Sortase-
Mediated Conjugation 
of C-Terminal Cyclic 
Imides onto Target 
Proteins

2.3  PCMT1-
Mediated Generation 
of C-Terminal Cyclic 
imides

2.4  TR-FRET 
Characterization of 
C-Terminal Cyclic 
Imide Species

2.5  MS 
Characterization of 
C-Terminal Cyclic 
Imide Species
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3  Methods

	1.	 Prepare the protected peptide by standard Fmoc-based solid-phase 
peptide synthesis (SPPS) on 2-chlorotrityl chloride (2-CTC) resin 
(loading 1.5–2.0 mmol/g, 0.25 mmol scale, Fig. 1a) [9, 10].

	2.	 Cleavage: Add ~5 mL hexafluoroisopropanol (HFIP)/dichlo-
romethane (DCM) (1:4 v/v) to the peptide on resin and shake 
for 30 min at 24  °C. Filter the mixture, wash the resin with 
10 mL DCM, and reduce the filtrate to minimal volume under 
nitrogen. Dissolve the crude protected peptide in 10 mL ace-
tonitrile (MeCN)/water (1:1 v/v), further dilute to ~25% 
MeCN with water, and lyophilize to dryness (Fig. 1b).

	3.	 C-terminal cyclic imide coupling: Dissolve the crude protected pep-
tide (0.10 mmol, 1.0 equiv) and HCl•​cN (0.30 mmol, 3.0 equiv) 
in 2.0 mL dimethylformamide (DMF, 0.05 M). Add dimethyli-
sopropylethylamine (DIPEA; 0.60 mmol, 6.0 equiv) and HATU 
(0.30 mmol, 3.0 equiv) sequentially while stirring at 24  °C.  
After 6 h, remove DMF using a rotary evaporator (Fig. 1c).

	4.	 Deprotection: Dissolve the crude material in 2 mL of 50% trif-
luoroacetic acid (TFA)/DCM containing 3% triisopropylsilane 
(TIPS). For peptides containing Met, add 3% ethanedithiol 
to this solution. After stirring at 24 °C for 1.5 h, reduce the 
mixture to minimal volume under nitrogen, then add 1 mL 
DMF. Purify by semi-preparative HPLC to yield the desired 
C-terminal cyclic imide-bearing peptide (Fig. 1d).

	 1.	 Express the sortase enzyme using the pET29-eSrtA [11] plas-
mid and purify by Ni-NTA and size exclusion chromatography 
as previously described [1]. Dilute the purified sortase to 100 µ​
M, flash-freeze in small aliquots, and store at –80 °C until use.

	 2.	 Design, express, and purify the target protein terminating 
in the sequence …​GGSLPETGHHHHHH. Flash-freeze in 
small aliquots and store at –80 °C until use.

	 3.	 Prepare the following sortase reaction mixture (Fig. 2,see 
Note 2):

3.1  Chemical 
Synthesis of 
C-Terminal Cyclic 
Imide-Bearing 
Peptides

3.2  Sortase-
Mediated Conjugation 
of C-Terminal Cyclic 
Imides onto Target 
Proteins

Fig. 1 Scheme of chemical synthesis to generate peptides bearing the C-terminal cyclic imide
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	 a.	 10 µ​M target protein.
	b.	 0.4 mM GGG peptide bearing the C-terminal cN.
	 c.	 Buffer: 100 mM Tris–Cl, 150 mM NaCl, 5 mM CaCl2, 

pH 7.5.
	d.	 2 µ​M eSrtA (add last).

	 4.	 Incubate the reaction mixture at 24 °C for 1 h.
	 5.	 Add 25 µ​L of prewashed Co-NTA magnetic beads to cap-

ture and remove unreacted His6-tagged protein and sortase. 
Incubate at 24 °C for 15 min with gentle inversion.

	 6.	 Collect the beads magnetically and recover the supernatant 
containing the conjugated protein.

	 7.	 To remove residual peptides, exchange the buffer to PBS using 
Zeba columns according to the manufacturer’s protocol.

	 8.	 Concentrate the conjugated protein using Vivaspin centrifu-
gal filters of the appropriate MWCO.

	 9.	 Determine protein concentration by measuring absorbance at 
280 nm.

	10.	 Confirm conjugation by SDS-PAGE and/or intact mass 
spectrometry.

	11.	 Flash-freeze the conjugated protein in small aliquots and 
store at –80 °C.

	1.	 Prepare a reaction mixture containing PCMT1 (10–20 µ​M, 
1.0–2.0 equiv) and S-adenosyl-methionine (SAM; 200 µ​M, 20 
equiv) in 50 mM Tris–Cl buffer, pH 7.4 (see Note 3). Warm 
the mixture to 37  °C for 5 min. Add the peptide or protein 
substrate bearing a C-terminal asparagine (10 µ​M) and incu-
bate at 37 °C for 12–24 h (Fig. 3, see Note 4).

3.3  PCMT1-
Mediated Generation 
of C-Terminal Cyclic 
Imides

Fig. 2 Scheme of sortase-mediated conjugation of a C-terminal cyclic imide onto a target protein

Fig. 3 Scheme of PCMT1-mediated C-terminal cN formation on peptides or 
proteins
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	2.	 If necessary, purify peptides by reverse-phase HPLC or pro-
teins by FPLC to remove PCMT1 and excess SAM. The iso-
lated product typically contains a mixture of C-terminal N and 
cN species.

	

1.	 Purify His6-CRBN–DDB1 as previously described [12].
	2.	 Label either the anti-His6 antibody or the CRBN–DDB1 com-

plex directly with the terbium-based CoraFluor-1 (henceforth, 
referred to as Tb; Fig. 4A). Exchange the protein into labeling 
buffer (100 mM sodium carbonate, 0.05% Tween-20 [v/v], 
pH 8.5) using Zeba columns to remove amine-containing 
components (see Note 5).

	3.	 Perform Tb labeling as described previously [7, 13]. Add 
CoraFluor-1-pentafluorophenyl (Pfp) ester at a threefold 
molar excess relative to the protein.

3.4  TR-FRET 
Characterization of 
C-Terminal Cyclic 
Imide Species

3.4.1  Preparation of  
TR-FRET Reagents

Fig. 4 (A) Scheme of different approaches for Tb labeling of His6-CRBN–DDB1 to generate the donor. 
(B) Scheme of association TR-FRET assay to measure the KD of the tracer, and the structure of the thalido-
mide-FITC tracer. (C) Scheme of competitive displacement TR-FRET assay to measure the affinity of C-terminal 
cyclic imide species to CRBN–DDB1
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	4.	 Gently mix the reaction by vortexing and incubate at 24 °C for 
1 h.

	5.	 Quench the reaction by exchanging the mixture into stor-
age buffer (50 mM sodium phosphate, 150 mM NaCl, 0.05% 
Tween-20, pH 7.4) using Zeba columns.

	6.	 Determine the final concentration of the Tb-labeled protein by 
correcting the absorbance at 280 nm according to,

= − ×A A A0.157corr280, 280 340

where A280 and A340 are the absorbances at 280 nm and 340 nm, 
respectively [8]. Convert A280,corr to protein concentration us-
ing the extinction coefficients ε​280 =​ 210,000 M−1 cm−1 for 
anti-His6 antibody and ε​280 =​ 167,000 M−1 cm−1 for CRBN–
DDB1 (see Note 6).

	7.	 Flash-freeze the labeled protein in small aliquots and store at 
–80 °C.

	 1.	 Perform an association TR-FRET assay to determine the 
dissociation constant (KD) of the thalidomide-FITC tracer  
(Fig. 4B). Prepare sufficient reaction volume for triplicate 
measurements of each condition. Mix the following compo-
nents at the indicated final concentrations:
	a.	 5 nM Tb-labeled anti-His6 antibody and 10 nM His6-

CRBN–DDB1, or 10 nM Tb-labeled His6-CRBN–DDB1 
(see Note 7).

	b.	 Buffer: 25 mM HEPES, 150 mM NaCl, 0.5 mg/mL BSA, 
0.005% (v/v) Tween-20, pH 7.5.

	 2.	 Gently nutate the mixture at 24 °C for at least 5 min.
	 3.	 Dispense 15 µ​L of the mixture per well into a low-volume 

384-well plate (e.g., Proxiplate-384 Plus).
	 4.	 Using an HP D300e digital dispenser, add thalidomide-FITC 

(from a DMSO stock) as a 1:2 serial dilution series (8 points, 
highest concentration Cmax =​ 1.33 µ​M).

	 5.	 When using the Tb-labeled anti-His6 antibody, include con-
trol wells containing the same concentration of Tb-labeled 
antibody and the thalidomide-FITC dilution series, but 
lacking His6-CRBN–DDB1, to account for tracer-depend-
ent background TR-FRET signal. When using Tb-labeled 
His6-CRBN–DDB1, include no-tracer wells for signal 
normalization.

	 6.	 Centrifuge the plate at 500 ×​ g for 1 min, then allow it to 
equilibrate at 24 °C for 10 min before measurement.

3.4.2  Association TR-
FRET Assay to Determine 
Tracer KD
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	 7.	 Record TR-FRET signals on a plate reader with the following 
parameters: excitation at 350 nm; emission at 616 nm (Tb) 
and 520 nm (FITC); 110 flashes per read; 0.05 ms excitation 
time; 0.05 ms delay; and 0.2 ms integration time.

	 8.	 Calculate the TR-FRET ratio for each well as the 520/616 nm 
emission intensity ratio. Normalize signals by subtracting the 
background from the corresponding wells and determine the 
apparent tracer dissociation constant (KD,app) by fitting to a 
one-site binding model.

	 9.	 If using Tb-labeled His6-CRBN–DDB1, the true tracer 
dissociation constant (KD,trac) is equal to KD,app. If using the 
Tb-labeled anti-His6 antibody, a further correction is required 
to adjust for the bivalency of the antibody:

( )K K 1 2D trac D app, ,= × +

	10.	 For all subsequent displacement assays, include the tracer in 
each well at a fixed concentration, typically 0.3–0.5 ×​ KD,trac.

	 1.	 Prepare C-terminal cyclic imide species at a final concentra-
tion of 10 µ​M. Peptides, purified proteins, or crude PCMT1 
incubation mixtures (initial substrate concentration 10 µ​M) 
can be used (see Note 8).

	 2.	 Add Triton X-100 to a final concentration of 0.1 % (v/v) to 
improve dispensing accuracy.

	 3.	 Perform a displacement TR-FRET assay (Fig. 4C) to deter-
mine the affinity of C-terminal cyclic imide species to CRBN–
DDB1. Prepare sufficient reaction volume for triplicate 
measurements of each condition. Mix the following compo-
nents at the indicated final concentrations:
	a.	 5 nM Tb-labeled anti-His6 antibody and 10 nM His6-

CRBN–DDB1, or 10 nM Tb-labeled His6-CRBN–DDB1.
	b.	 Buffer: 25 mM HEPES, 150 mM NaCl, 0.5 mg/mL BSA, 

0.005% (v/v) Tween-20, pH 7.5.
	c.	 Thalidomide-FITC at a fixed concentration selected based 

on its measured KD,trac (typically 0.3–0.5 ×​ KD,trac).

	 4.	 Gently nutate the mixture at 24 °C for at least 5 min.
	 5.	 Dispense 15 µ​L of the mixture per well into a low-volume 

384-well plate (e.g., Proxiplate-384 Plus).
	 6.	 Using an HP D300e digital dispenser, add the C-terminal 

cyclic imide species as a 1:3 serial dilution series (8 points, 
highest concentration Cmax =​ 1 µ​M). Adjust dilution range as 
necessary to capture full displacement curves.

3.4.3  Displacement TR-
FRET Assay



Chemical and Enzymatic Approaches to C-Terminal Cyclic Imide Formation 83

	 7.	 Include control wells for signal normalization:
	a.	 Wells containing all components except the C-terminal 

cyclic imide competitor species (maximal FRET, “top”).
	b.	 Wells containing 100 µ​M C5 lenalidomide instead of the 

C-terminal cyclic imide species (maximal competition and 
minimal FRET, “bottom”).

	 8.	 Centrifuge the plate at 500 ×​ g for 1 min, then allow it to 
equilibrate at 24 °C for 10 min before measurement.

	 9.	 Record TR-FRET measurements using the same instrument 
parameters described above.

	10.	 Calculate the TR-FRET ratio for each well as the 520/616 nm 
emission intensity ratio. Subtract the assay bottom from all 
values, normalize to the assay top, and fit normalized data 
(0–1 range) to a four-parameter logistic model [log(inhibi-
tor) vs. response – variable slope] with Top =​ 1 and Bottom =​  
0 to obtain IC50 values.

	11.	 Calculate the Ki of the C-terminal cyclic imide species from its 
IC50 value using the Cheng-Prusoff relationship:

K
IC

1
,i trac

K

50
[ ]

D trac,

=
+

where [trac] is the concentration of tracer.

	1.	 Mix 2.5 µ​L of the C-terminal cyclic imide-bearing peptide sam-
ple (purified or crude PCMT1 reaction mixture, 10 µ​M) with 
20 µ​L MeCN. Add formic acid (FA) to a final concentration of 
0.1%.

	2.	 Analyze the mixture by LC–MS using a high-resolution elec-
trospray ionization (ESI) mass spectrometer.

	3.	 Extract ion chromatograms corresponding to the acyclic, 
methyl ester, and C-terminal cyclic imide forms of the peptide 
to assess the efficiency of cyclic imide formation (see Note 9).

	1.	 Add FA to a final concentration of 0.1% to the C-terminal 
cyclic imide-bearing protein sample (purified or crude PCMT1 
reaction mixture, 1–20 µ​M).

	2.	 Analyze the mixture by LC–MS using high-resolution ESI 
conditions suitable for intact proteins.

3.5  MS 
Characterization of 
C-Terminal Cyclic 
Imide Species

3.5.1  MS 
Characterization of 
Peptides

3.5.2  Intact MS 
Characterization Proteins 
(see​ Note 10)
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	3.	 Analyze raw spectra by maximum-entropy deconvolution 
to compare the relative levels of acyclic, methyl ester, and 
C-terminal cyclic imide species.

	 1.	 To a 100 µ​L sample of C-terminal cyclic imide-bearing pro-
tein (purified or crude PCMT1 reaction mixture), add 100 µ​
L of 10% (w/v) sodium dodecyl sulfate (SDS) in 100 mM 
Tris–Cl, pH 7.0.

	 2.	 Add 20 µ​L of 27.5% phosphoric acid and vortex briefly to 
acidify the sample.

	 3.	 Add 1.32 mL of S-Trap binding buffer (100 mM triethylam-
monium bicarbonate in 90% methanol, pH 7.1) and mix well. 
Do not centrifuge at this stage.

	 4.	 Load the mixture onto an S-Trap microcolumn under vac-
uum. Wash three times with 1 mL of binding buffer, then 
centrifuge at 4000 ×​ g for 1 min to remove residual solvent.

	 5.	 Digest proteins on-column with an appropriate protease fol-
lowing the manufacturer’s guidelines (see Note 11). Keep the 
incubation as brief and cool as possible to minimize cyclic 
imide hydrolysis.

	 6.	 Sequentially elute peptides by adding 40 µ​L of the following, 
centrifuging at 4000 ×​ g for 1 min after each addition:
	a.	 100 mM ammonium bicarbonate, pH 7.0.
	b.	 0.2% FA.
	c.	 0.2% FA in 50% MeCN.
Pool eluates, dry in a vacuum concentrator, and resuspend in 
300 µ​L of 0.1% TFA.

	 7.	 Desalt samples using Pierce peptide desalting spin columns 
according to the manufacturer’s protocol. Dry in a vacuum 
concentrator and resuspend in 20 µ​L of 0.1% FA.

	 8.	 Inject 1 µ​L of the peptide sample onto a C18 analytical col-
umn coupled to a high-resolution LC–MS system equipped 
with an ESI source.

	 9.	 Separate peptides using a linear gradient from 1% to 40% 
MeCN with 0.1% FA.

	10.	 Acquire MS data in positive ion mode in full-scan or selected 
ion monitoring mode for expected C-terminal cyclic imi-
de-bearing peptides. Monitor both the unmodified and cyclic 
imide forms of peptides.

	11.	 Extract ion chromatograms for each target peptide, integrate 
peak areas, and compare relative levels of unmodified and 
cyclic imide-bearing peptides (see Note 12).

3.5.3  Bottom-Up MS 
Characterization of 
Proteins
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4  Notes

	 1.	 Although both cN and cQ can form, our work to date has 
identified the C-terminal cN as the more physiologically rele-
vant modification [2, 3]. Therefore, the protocols presented 
here focus on cN. However, all methods in this work, except 
for PCMT1-mediated formation, are compatible with meas-
urement of cQ as well.

	 2.	 The C-terminal cyclic imide is hydrolytically unstable in 
aqueous solutions (t1/2 ≈​ 24 h) [1], especially under basic 
conditions (pH ≥​8.0). Whenever a C-terminal cyclic imide 
species-containing is present, work quickly and on ice when 
possible, and avoid exposure to basic buffers.

	 3.	 The efficiency of PCMT1-mediated cyclic imide formation 
varies depending on the substrate. The amount of PCMT1 
stated in this protocol is recommended as a starting point. 
If higher conversion is required, use more equivalents of 
PCMT1.

	 4.	 The optimal PCMT1 incubation time may vary depending 
on the substrate, as C-terminal cyclic imide formation and 
hydrolysis occur concurrently.

	 5.	 Ensure that all Tb labeling steps are performed in amine-free 
buffer; Tris interferes with the Pfp ester coupling reaction 
[8].

	 6.	 The degree of Tb labeling can be estimated spectrophoto-
metrically by calculating and comparing the concentrations of 
Tb, determined from A340 using ε​340 =​ 22,000 M−1 cm−1, and 
the labeled protein (determined using A280,corr as described 
above). Calculate the labeling ratio as [Tb]/[protein].

	 7.	 The same method of Tb labeling should be used throughout 
all TR-FRET experiments to ensure consistency.

	 8.	 If using Tb-labeled anti-His6 antibody as the TR-FRET 
donor, make sure that CRBN–DDB1 is the only protein in 
the mixture that has a His6 tag.

	 9.	 The expected mass shift relative to the unmodified species is 
+​14.0157 Da for the methyl ester and –18.0106 Da for the 
C-terminal cyclic imide.

	10.	 When characterizing C-terminal cyclic imide-bearing proteins 
by MS, choose intact MS for rapid verification of cyclic imide 
formation and bottom-up MS for definitive identification, as 
identical mass shifts can arise from other PTMs on the protein 
(e.g., dehydration).

	11.	 The protease chosen for bottom-up MS depends on the spe-
cific protein being analyzed. Choose a protease that produces 
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a C-terminal peptide of optimal length for MS analysis (typ-
ically, 8–15 amino acids). For example, avoid using trypsin if 
there is a K or R residue too proximal to the C-terminus.

	12.	 When quantifying C-terminal cyclic imide formation by bot-
tom-up MS, expect underestimation due to partial hydrolysis 
during sample preparation.
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conjugated N- or C-terminally to an E3 ligase (e.g., TRIM7), excit-
ing a fluorophore (tracer) in the vicinity. The tracer molecule needs 
to be localized in the area of the potential peptidomimetic binding 
site to facilitate screening in a competitive manner [23]. Transiently 
transfected human cells like HEK293T are typically used to study 
cellular engagement, while the tracer molecule can be based on the 
peptide degron sequence or a peptidomimetic conjugated to the 
fluorescent dye BODIPY.

The following workflow describes a general NanoBRET assay 
process used to determine the apparent KD of a tracer molecule to 
its protein target as well as the IC50 of compounds displacing the 
tracer. Both assay options require transient transfection of the Nluc-
tagged E3 ligase before measurement and can be evaluated in intact 
or permeabilized cellular states. All samples should be prepared as 
triplicates to ensure reproducibility. Additionally, compounds, tracer, 
DMSO, and digitonin should be dispensed using an automated liquid 
dispenser to enable rapid and precise distribution. We used a Pher-
astar FSX plate reader for the following NanoBRET measurements.

	1.	 Prepare 500 µ​L transfection mix by adding 15 µ​L FuGENE 
HD transfection reagent to a mixture of 9 ng/µ​L Transfection 
Carrier DNA and 1 ng/µ​L Nluc-E3-ligase DNA construct in 
Opti-MEM medium (For the selection and design of func-
tional Nluc-constructs, refer to Schwalm et al. [9]).

	2.	 Incubate the transfection mix for 15 min at RT.
	3.	 Seed HEK293T cells to a final density of 2.0 ×​ 105 cells/mL in 

DMEM with 10% FBS and 1% PS, then add 500 µ​L transfec-
tion mix to 10 mL of cell solution in a T75 cell culture flask.

	4.	 Incubate cells overnight at 37°C and 5% CO2.

	1.	 Remove DMEM culture medium and displace with Opti-
MEM medium using serological pipettes (see Note 14).

	2.	 Adjust cell density to 2.0 ×​ 105 cells/mL and transfer 10 µ​L of 
transfected cells to each well of a white 384-well flat-bottom 
plate.

	3.	 Titrate different concentrations of the tracer into respective 
wells with a final DMSO concentration of a maximum of 1% 
(see Note 15).

	4.	 Incubate the plate at 37°C and 5% CO2 for 2 h.
	5.	 Add 5 µ​L Nano-Glo substrate diluted 1:200 in Opti-MEM to 

each well.
	6.	 Measure BRET ratio using a microplate reader with a lumines-

cence filter pair [450 nm BP filter and 610 nm LP filter].
	7.	 Lyse cells by adding 25 nL of 20 mg/mL digitonin to each 

well, then incubate for 5 min.

3.5.1 Transfection of 
Nluc-Constructs

3.5.2  NanoBRET Tracer 
Titration Assay
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	8.	 Measure the BRET ratio again with the same settings as in Step 
6 for permeabilized cells.

	1.	 Remove DMEM culture medium and displace with Opti-
MEM medium using serological pipettes.

	2.	 Adjust cell density to 2.0 ×​ 105 cells/mL and transfer 10 µ​L of 
transfected cells to each well of a white 384-well flat-bottom 
plate.

	3.	 Dispense tracer at a concentration not exceeding 2×​ EC50 to 
each well, as determined in Sect. 3.5.2 (see Note 16).

	4.	 Add increasing concentrations of peptidomimetic compounds 
to respective wells at a maximum DMSO concentration of 1% 
(see Note 17).

	5.	 Add 5 µ​L Nano-Glo substrate diluted 1:200 in Opti-MEM to 
each well.

	6.	 Measure BRET ratio using a microplate reader with a lumines-
cence filter pair [450 nm BP filter and 610 nm LP filter].

	7.	 Lyse cells by adding 25 nL of 20 mg/mL digitonin to each 
well, then incubate for 5 min.

	8.	 Measure the BRET ratio again with the same settings as in Step 6  
for permeabilized cells.

The BRET ratio is calculated using the following equation:

BRET ratio mBU
Donor emission nm

Acceptor emission nm
[ ]

(450 )
(610 )

1000= ×

To determine the EC50 value of the tracer, the concentration is 
plotted against the baseline corrected BRET ratio and fitted with a 
non-linear model (Fig. 7A):

=
×

+
Y

X Y Top
EC X

( )

50

Y represents the BRET ratio, X denotes the tracer concentration, 
and Y(Top) corresponds to the BRET ratio at the highest compound 
concentration.

Displacement data is evaluated using normalized competition 
data with the following equation to determine IC50 values for each 
compound (Fig. 7B):

Y
100

1 X
IC50

=
+

3.5.3  NanoBRET Tracer 
Displacement Assay

3.5.4  NanoBRET Data 
Analysis
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Here, X represents the concentration of the compound, and Y is the 
normalized BRET ratio.

4  Notes

	 1.	 DSF should not be confused with NanoDSF, as they utilize 
different strategies. NanoDSF monitors unfolding through 
tryptophan and tyrosine fluorescence, while DSF detects pro-
tein unfolding using selective dye fluorescence [24].

	 2.	 It is important to get a good fluorescent signal to determine a 
reliable Tm value for any E3 ligase. Varying the protein con-
centration (~1–20 µ​M) can help in finding a suitable fluores-
cence intensity for the screening of compounds with different 
binding affinities.

	 3.	 Try to determine the solubility of any peptidomimetic com-
pound/peptide prior to the measurement to avoid precipita-
tion effects.

	 4.	 DMSO concentration should be the same for all compounds 
and added to the “only protein” control.

	 5.	 Even though fluorescein isothiocyanate (FITC) and dyes 
with similar spectral properties are among the most widely 
used fluorophores, red dyes such as Cy5 have gained traction 
due to the improved performance of modern plate readers 
[25].

	 6.	 If the KD of the peptide is already known, start with a tracer 
concentration lower than the KD.
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Fig. 7  (A) NanoBRET tracer titration of a BODIPY-conjugated peptidomimetic tracer in permeabilized HEK293T 
cells overexpressing full-length Nluc-TRIM7. (B) Competitive dose–response analysis showing displacement 
of the tracer molecule by the peptidomimetic compound in permeabilized cells. The respective non-linear 
regression fit is shown in black as overlaid curves
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	 7.	 Concentrations of the compounds should cover at least 0.1×​ 
to 10×​ KD of the compound-protein interaction to ensure 
enough curvature and the generation of valid plateaus for 
both maximal and minimal displacement.

	 8.	 Every solution and buffer, as well as the sensor chip, should 
be warmed up to RT prior to starting the assay to avoid base-
line drifts and artifacts.

	 9.	 The buffer used to dilute samples needs to be exactly the same 
as the running buffer to avoid response deviations caused by 
differences in buffer composition.

	10.	 By using a very low pH, you might risk a loss of protein integ-
rity due to a sharp pH drop.

	11.	 Protein levels should be selected according to reaching an 
expected maximum response (Rmax) for interacting peptido-
mimetics of ~10–20 RU. Calculations can be done via:

=
×

Response protein
R analyte MW protein

MW analyte
( )

( ) ( )
( )

max

	12.	 For different DMSO concentrations, adjust both solutions to 
±​1% relative to the desired final DMSO concentration.

	13.	 For functional kinetic evaluation, the association phase should 
exhibit visible curvature, while the dissociation phase should 
show at least 5% dissociation of the compound [26].

	14.	 Opti-MEM medium should be free of PS and FBS to ensure 
optimal screening conditions, minimizing nonspecific inter-
actions as well as high background fluorescence/lumines-
cence signals.

	15.	 Tracer concentrations should be chosen according to the 
expected KD of its binding motif to cover 0.1×​ to 10×​ KD. 
Moreover, a no-tracer control should be added for baseline 
correction.

	16.	 For normalization purposes, include a no-tracer control and a 
sample containing the tracer but without the compound.

	17.	 Select a broad concentration range of compound (0.1×​ to 
10×​ the expected KD) to ensure protein saturation and com-
plete displacement of the tracer.
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Chapter 8

Multicolor Live-Cell mRNA Imaging Using RNA-Regulated 
Destabilization Domains

Tien G. Pham, Omoyemi Ajayi and Jiahui Wu

Abstract
mRNA molecules are critical for relaying genetic information from the genome into functional proteins 
for maintaining cellular function. Real-time imaging of mRNA in living cells reveals the spatiotemporal 
dynamics of RNA and offers insights into RNA-mediated regulation of gene expression and cellular 
function. Here, we describe a method of using RNA-regulated destabilization domains to simultaneously 
image multiple mRNAs in living cells. In this method, three mRNAs of interest are engineered to contain 
three distinct RNA imaging tags. Each tag specifically binds to and stabilizes its cognate RNA-regulated 
destabilization domain fused to fluorescent proteins, resulting in selective activation of fluorescence on the 
corresponding mRNA for imaging.

Keywords  Live-cell RNA imaging, RNA-regulated destabilization domains, Fluorogenic proteins, 
RNA imaging tags, Fluorescence microscopy, Mammalian cells

1  Introduction

mRNA molecules are critical for relaying genetic information from 
the genome into functional proteins for maintaining cellular func-
tion. Importantly, the spatiotemporal distribution of mRNA within 
the cell is a major determinant of its function. For example, CLB2 
mRNA localized in the bud enhances protein translation in Sac-
charomyces cerevisiae, enabling cells to coordinate growth with cell 
cycle progression [1]. The NET1 mRNA is prominently targeted to 
peripheral protrusions of migrating cells to promote cell adhesion 
and migration [2]. Additionally, Nanos mRNA localization to the 
posterior pole of the Drosophila embryo is crucial for control of 
gene activity and embryonic polarity [3]. Altogether, these highlight 
how spatial control of mRNAs can regulate fundamental cellular 
processes. Therefore, being able to track the spatial distribution of 
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mRNAs and its change over time are crucial for understanding how 
gene expression is regulated.

Many RNA imaging methods have been developed to enable 
tracking of the dynamics of RNA living cells [4–6]. For example, 
the RNA hairpin method based on MS2-MCP utilizes a naturally 
occurring bacteriophage-derived RNA hairpin, MS2, and its binding 
protein partner, MS2 coat protein (MCP), to tether fluorescent pro-
teins to an mRNA of interest [7]. With 24 copies of MS2 appended to 
the 3’ untranslated region (UTR) of mRNA of interest, ASH1 mRNA 
localization and dynamics can be visualized through the aggregation 
of fluorescence signals at the RNA tag [7]. Alternatively, another 
method utilizes fluorogenic RNA aptamers to image RNA in living 
cells [8]. Fluorogenic RNA aptamers are engineered RNA sequences 
that can bind and turn on the fluorescence signals of otherwise non-
fluorescent small-molecule dyes. When fused to an RNA of interest, 
these fluorogenic RNA aptamers can confer fluorescence signals to 
the RNA of interest for live-cell RNA imaging [8]. Despite rapid 
development on RNA imaging methods, simultaneously tracking 
more than two RNAs in living cells remains challenging.

Recently, we developed three orthogonal RNA-regulated desta-
bilization domains for live-cell RNA imaging [9, 10]. In this method, 
we engineered three orthogonal RNA-regulated destabilization 
domains, and each one contains C-terminal Arg-Arg-Arg-Gly degron. 
When fused to fluorescent proteins, these fluorescent protein-dest-
abilization domain fusions would be degraded in mammalian cells, 
thus conferring instability to the fluorescent proteins. However, when 
the cognate RNA binds to the destabilization domain, the binding 
of RNA can block the C-terminal degron from being recognized by 
the proteasomal degradation machinery, resulting in stabilization. 
By concatenating multiple repeats of each cognate RNA as a tag and 
fusing these tags to the 3’UTR of mRNAs, multiple mRNA species 
can be imaged (Fig. 1). Here, we describe a method of using these 
orthogonal RNA-regulated destabilization domains for three-color 
live-cell mRNA imaging.

2  Materials

	 1.	 U2OS cells.
	 2.	 Cell culture medium: Phenol red-free DMEM supplemented 

with 10% fetal bovine serum, 100 U/mL of Penicillin, 100 µ​
g/mL of Streptomycin, 1×​ GlutaMAX™, and 1 mM sodium 
pyruvate.

	 3.	 T75 cell culture flask.
	 4.	 1×​ PBS (Phosphate-Buffered Saline), pH 7.4: KH2PO4 

(144.0 mg/L), NaCl (9000.0 mg/L), Na2HPO4·7H2O 
(795.0 mg/L), premade by manufacturer.

2.1  Cell Culture
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	 5.	 1×​ TrypLE Express (no phenol red), premade by manufacturer.
	 6.	 100×​ GlutaMAX™, premade by manufacturer.
	 7.	 100 mM sodium pyruvate, premade by manufacturer.
	 8.	 15 mL tube.
	 9.	 50 mL tube.
	10.	 Trypan Blue Solution, 0.4%, premade by manufacturer.
	11.	 35 mm imaging dish with glass bottom, precoated with poly-

D-lysine by manufacturer.
	12.	 Cell counting chamber slide

	1.	 Opti-MEM, premade by manufacturer (see Note 1).
	2.	 DNA plasmids (see Notes 2 and 3):

	i.	 CMV-NanoLuc-24XMS2.
	ii.	 CMV-CDK6-24XPP7.
	iii.	 CMV-CyTERM-mTagBFP2-(F30-2xPepper)10.

	iv.	 miniCMV-(HaloTag)4-mDeg.
	v.	 miniCMV-tdTomato-pDeg.
	vi.	 miniCMV-(mNeonGreen)4-tDeg.

	3.	 FuGENE® HD transfection reagent, premade by manufacturer.

	1.	 Imaging medium: FluoroBrite™ (1×​), premade by 
manufacturer.

	2.	 Janelia Fluor® JF646 HaloTag ligand.
	3.	 TYPE 37 immersion oil (N =​ 1.515), premade by manufacturer.

2.2  Transfection

2.3  Imaging

Fig. 1  Schematic of three-color mRNA imaging using orthogonal RNA-regulated destabilization domains. 
Three mRNAs of interest (NanoLuc, CDK6, and CyTERM-mTagBFP2) are engineered to contain three distinct 
RNA imaging tags [24XMS2, 24XPP7, and (F30-2xPepper)10], respectively. Each tag specifically binds to and 
stabilizes its cognate RNA-regulated destabilization domain fused to fluorescent proteins. This results in selec-
tive activation of fluorescence on the corresponding mRNA for imaging
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3  Methods

	 1.	 Culture U2OS cells in cell culture medium to 90% confluency 
in a T75 flask at 37°C in an incubator maintained with 5% 
CO2.

	 2.	 Warm the cell culture medium, 1×​ PBS, and 1×​ TrypLE 
Express to 37°C in a water bath preheated to 37°C.

	 3.	 Aspirate the culture medium from the U2OS containing flask 
and gently rinse the cells once with 10 mL of prewarmed 1×​ 
PBS.

	 4.	 Aspirate the 1×​ PBS completely, then add 2 mL of 1×​ TrypLE 
Express to the flask.

	 5.	 Incubate 1×​ TrypLE Express with the U2OS cells for 5 min 
at 37°C in an incubator maintained with 5% CO2 to allow cell 
detachment.

	 6.	 Once the cells detach, add 8 mL of prewarmed culture 
medium and gently pipette using a serological pipette to fully 
detach the cells.

	 7.	 Transfer the cell suspension to a 15 mL tube and centrifuge at 
400 g for 4 min at 25°C to pellet the cells.

	 8.	 Aspirate the supernatant carefully, avoiding disturbance to 
the cell pellet.

	 9.	 Resuspend the cell pellet in 4 mL of prewarmed culture 
medium by gentle pipetting using a P1000 pipette then trans-
fer the homogeneous suspension to a 50 mL tube.

	10.	 Mix 15 µ​L of the homogeneous cell suspension with 15 µ​L of 
trypan blue solution, load 10 µ​L of this mixture onto a cell 
counting chamber slide, and count the cells.

	11.	 Dilute the U2OS cell suspension in cell culture medium to a 
concentration of 1 ×​ 106  cells/mL, based on the cell density 
calculated in Step 10.

	12.	 Seed 2.7 ×​ 105 cells in 2 mL of culture medium into a poly-
D-lysine-coated 35 mm imaging dish, gently swirl to ensure 
even distribution and incubate overnight at 37°C with 5% 
CO2 (see Note 4).

	1.	 Transfect U2OS cells 18–24 h after seeding onto the 35 mm 
imaging dish. For a single 35 mm imaging dish, combine the 
following reagents in a 1.7 mL tube: 80 μ​L of Opti-MEM, a 
total of 1.86 μ​g of DNA plasmids containing 0.31 μ​g of each 
plasmid listed in Sect. 2.2, and 6.4 μ​L of FuGENE® HD rea-
gent (see Note 5).

3.1  Cell Culture and 
Seeding

3.2  Transfection
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	2.	 Mix the mixture above thoroughly by gently pipetting, 
then incubate the mixture for 15 min at room temperature 
(20°C–25°C).

	3.	 Add the transfection mixture to U2OS cells in a 35 mm imag-
ing dish dropwise.

	4.	 Swirl the dish gently to ensure homogeneous distribution of 
the transfection mixture in the cell culture medium.

	5.	 Place the 35 mm imaging dish back in the incubator and cul-
ture the cells overnight at 37°C with 5% CO2.

	6.	 18–24 h after transfection, aspirate  the cell culture  medium 
then rinse the cells with 2 mL of 1×​ PBS prewarmed to 37°C.

	7.	 Aspirate the 1×​ PBS and add 2 mL of fresh cell culture medium 
prewarmed to 37°C and return the 35 mm imaging dish to the 
incubator. Culture the cells overnight at 37°C with 5% CO2.

	1.	 Prewarm imaging medium in a water bath to 37°C.
	2.	 Turn on the temperature control unit of the microscope imag-

ing stage and allow the microscope imaging stage and environ-
mental chamber to equilibrate to 37°C.

	3.	 Thaw JF646 HaloTag ligand stored at −​20°C to room tem-
perature and resuspend in DMSO to generate a 200 µ​M stock 
solution.

	4.	 Dilute the stock solution in the imaging medium and add it to 
U2OS cells to a final concentration of 200 nM. Incubate the 
cells with the JF646 HaloTag ligand at 37°C with 5% CO2 for 
30–60 min prior to imaging.

	5.	 Aspirate the  cell culture medium containing the JF646 
HaloTag ligand from the 35 mm imaging dish, gently rinse the 
cells with 2 mL of prewarmed imaging medium. Aspirate the 
imaging medium, then add 2 mL of fresh, prewarmed imaging 
medium to the dish.

	6.	 Apply enough immersion oil to a 60×​/1.4-NA oil-immer-
sion objective, then place the 35 mm imaging dish on the pre-
warmed microscope imaging stage.

	7.	 Adjust the objective height to bring the adhered U2OS cells 
into focus using phase-contrast illumination.

	8.	 Switch imaging mode from phase to fluorescence acquisition. 
Use a Cy5 filter cube (with excitation filter 620 ±​ 30 nm, dichroic 
mirror 660 nm (long pass), and emission filter 700 ±​ 37.5 nm), 
a dsRed filter cube (with excitation filter 545 ±​ 15 nm, dichroic 
mirror 570 nm (long pass), and emission filter 620 ±​ 30 nm), 
and a YFP filter cube (with excitation 500 ±​ 10 nm, dichroic 
mirror 515 nm (long pass), and emission filter 535 ±​ 15 nm), 
to identify transfected U2OS cells coexpressing the HaloTag 

3.3  Imaging
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(with JF646 ligand), red fluorescent protein, tdTomato, and 
yellow fluorescent protein, mNeonGreen (see Note 6). Adjust 
exposure time and light intensity in the microscope software to 
acquire appropriate fluorescence images (see Note 7).

4  Notes

	1.	 OptiMEM can be substituted with double-distilled water for 
FuGENE® HD-mediated transfection.

	2.	 DNA plasmids containing long repetitive sequences are prone 
to recombination and deletion during plasmid propagation. To 
minimize this, we suggest propagating these plasmids using 
XL10-Gold E .coli cells or the NEB stable E . coli cells.

	3.	 Different mRNA reporters have different cellular localizations: 
NanoLuc-24XMS2 and CDK6-24XPP7 mRNAs localize in 
the cytosol; CyTERM-mTagBFP2-(F30-2xPepper)10 mRNA 
localizes on the endoplasmic reticulum (ER) membrane.

	4.	 Typically, for tracking single mRNA molecules, 2.7 ×​ 105 
U2OS cells were cultured in a 35 mm dish in 2 mL of culture 
medium. For different experiments, depending on the cell 
types, an optimized number of cells may be used.

	5.	 Careful optimization of transfection parameters, including the 
amount of total DNA plasmids and the DNA plasmid-to-trans-
fection reagent ratio are crucial for efficient live cell imaging. 
Generally, we use a total of 1.86 μ​g of DNA plasmids contain-
ing 0.31 μ​g of each plasmid listed in Sect. 2.2.

	6.	 To avoid phototoxicity and fluorophore photobleaching dur-
ing live-cell imaging, we suggest using low excitation power 
of the light source when moving across the sample to identify 
transfected cells.

	7.	 The excitation power of the light source and the camera acqui-
sition time should be adjusted to balance signal-to-noise ratio 
with photobleaching during mRNA imaging. If the fluores-
cence signal from the mRNA is too low, consider removing all 
neutral-density filters from the excitation light source to max-
imize the excitation intensity. In addition, because the fluores-
cence signal from single mRNA molecules is inherently weak, 
we recommend using a sensitive camera, such as an EMCCD 
or sCMOS camera, for image acquisition or movie recording.
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Chapter 9

Dynamic Control of Cell Signaling with Optogenetic 
Modulation of Protein Abundance in Living Mammalian Cells

Yu-En Huang, Payel Mondal, Huaxun Fan and Kai Zhang

Abstract
Precise modulation of protein levels is essential for investigating the dynamics of signaling pathways. 
Degradation-based approaches allow rapid reduction of protein abundance, and their combination with 
optogenetic regulation enables controlled and reversible manipulation. In this chapter, we describe an 
optogenetic strategy that stabilizes a protein of interest by inhibiting its degradation. As a proof of concept, 
we demonstrate light-dependent stabilization of MKP3 and constitutively active MEK and examine 
the resulting changes in ERK signaling. We also provide a step-by-step protocol for measuring protein 
stabilization kinetics. This method integrates a potent degradation tag with optogenetic control to achieve 
tunable and reversible regulation of protein levels in living cells.

Keywords  Optogenetics, GLIMPSe, MKP3, CA MEK, PC12 cells, Neurite outgrowth

1  Introduction

Cellular signaling is governed by an intricate network of intercon-
nected pathways. Rather than functioning in a simple binary on/off 
fashion, these pathways often exhibit highly dynamic behaviors. An 
essential driving force behind this dynamic nature is the spatial and 
temporal control of protein activities. To manipulate these protein 
activities and signaling pathways, genetic approaches, such as CRISPR 
knockout and RNA interference (RNAi), have been developed to 
control the levels of protein targets [1, 2]. These methods are effective 
at suppressing the synthesis of protein targets. However, they have 
no effect on existing proteins, leading to their ineffectiveness against 
proteins that have long half-lives [3, 4]. They are also susceptible to 
off-target effects, and cells often develop compensatory pathways 
when a gene is disrupted or removed [5–9]. Another obstacle for 
genetic approaches is that they lack the flexibility to capture signaling 
dynamics. To better study the dynamic nature of cellular events, a 
rapid and reversible post-translational method is needed.

https://doi.org/10.1007/978-1-0716-5508-5_9
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The protein degradation approach offers an alternative strategy to 
overcome challenges from genetic approaches. By acting directly on 
existing proteins, it can deplete the target’s function without a long 
lag associated with genetic knock-out or knock-down procedures 
[3, 10–14]. At the same time, because degradation removes proteins 
post-translationally without altering their ongoing synthesis, it allows 
rapid restoration once the degradation cue is removed [13]. Induced 
degradation of a protein can be achieved by attaching a degron, such 
as the ubiquitin-independent Dnd1 degron, which potently reduces 
target protein abundance [14, 15]. However, because degradation 
is inherently continuous, an external layer of control is required to 
make this process dynamic and tunable. Optogenetic regulation, 
which uses light as a precise, non-invasive stimulus, provides a pow-
erful means to impose spatiotemporal control [16, 17]. Integrating 
an optogenetic module with a degradation-based system would 
therefore enable highly precise regulation of protein activity and the 
signaling pathways in which they function.

In this chapter, we introduce a protein degradation-based plat-
form termed the generalizable light-modulated protein stabilization 
system (GLIMPSe) [14]. This method achieves dynamic control of 
protein activity by combining protein degradation with optogenetics 
(Fig. 1). The GLIMPSe system consists of the protein of interest 
(POI) fused to a light-responsive eLOV domain and three copies 
of the Dnd1 degron. The eLOV domain cages the TEV protease 
recognition site (tevS). Under normal, unstimulated circumstances, 
the degrons mediate degradation of POI, leading to a constitutively 
suppressed activity. When blue light illumination begins, the caged 
tevS is exposed for cleavage. Concurrently, the TEV protease, fused 
to a light-inducible nuclear export system (LEXY), is only exported 
from the nucleus into the cytosol when exposed to blue light. The 

Fig. 1  Schematic outline of GLIMPSe. The GLIMPSe platform consists of the pro-
tein of interest (POI) fused to an eLOV domain caging tevS and Dnd1 degron, as 
well as TEV-LEXY that is sequestered to the nucleus. When there is no light stim-
ulation, the degron sequence mediates degradation of the POI. Upon exposure 
to blue light, eLOV uncages tevS, and TEV-LEXY is exported into the cytosol. The 
degron sequence is then cleaved from the POI, achieving POI stabilization
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protease would then cut the fusion protein at tevS and remove 
the degron sequence, stopping the degradation of POI. The two 
light-induced events combined restore and stabilize the POI level. 
Here, we demonstrate bidirectional manipulation of the extracellular 
signal-regulated kinase (ERK) signaling pathway by either stabilizing 
mitogen-activated protein kinase phosphatase 3 (MKP3) or consti-
tutively active dual specific mitogen-activated protein kinase kinase 
(CA MEK) and their effect on neurite outgrowth of PC12 cells.

2  Materials

	1.	 BSL2 tissue culture biosafety cabinet.
	2.	 Tissue culture incubator at 37°C with 5% CO2.
	3.	 A computer-controlled, programmable home-built light box 

designed to supply both pulsed and continuous blue light. This 
is constructed by assembling a 6-by-4 blue LED array with 24 
blue LEDs (B4304H96, Linrose Electronics) on a breadboard. 
The breadboard is embedded in an aluminum box. A light dif-
fuser film is placed on top of the breadboard to homogenize 
the light intensity.

	1.	 PC12 cells.
	2.	 Growth media (F12K media, supplemented with 15% horse 

serum (HS) and 2.5% fetal bovine serum (FBS)).
	3.	 Starvation media (F12K media, supplemented with 0.15% HS 

and 0.025% FBS).
	4.	 Transfection reagent such as Turbofect.
	5.	 12-well plate.
	6.	 CA MEK-EGFP plasmid. Mutations were introduced via 

site-directed mutagenesis. CA-MEK is a constitutively active 
MEK that contains S218D and S222D mutations [14]  (see 
Note 1).

	7.	 EGFP-p2A-MKP3-eLOV-tevS-deg plasmid  (see Notes 1 
and 2).

	8.	 EGFP-p2A-CA MEK-eLOV-tevS-deg plasmid  (see Notes 1 
and 2).

	9.	 NLS-mCherry-TEV-LEXY plasmid (see Note 1).

	 1.	 PVDF membrane.
	 2.	 RIPA lysis buffer (10×​ RIPA lysis buffer stock +​ water +​ pro-

tease and phosphatase inhibitor cocktail).
	 3.	 Protease and phosphatase inhibitor cocktail.

2.1  Equipment

2.2  Cell Transfection

2.3  Western Blot
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	 4.	 SDS-PAGE running buffer (25 mM Tris, 192 mM glycine, 
0.1% SDS, pH 8.3).

	 5.	 ECL substrate.
	 6.	 LDS loading buffer.
	 7.	 β​-Mercaptoethanol.
	 8.	 Precast SDS-PAGE gel.
	 9.	 Transfer buffer (25 mM Tris, 192 mM glycine, 20% metha-

nol, pH 8.3).
	10.	 Phospho-p44/42 MAPK antibody.
	11.	 P44/42 MAPK antibody.
	12.	 HA-tag antibody.
	13.	 HRP-linked anti-rabbit IgG secondary antibody.

3  Methods

	 1.	 Seed PC12 cells in F12K growth media on two 12-well plates 
(see Note 3).

	 2.	 Let the cells grow to 40%–50% confluency.
	 3.	 Perform transfection with Turbofect transfection reagent 

following the vendor’s instructions. For optogenetic stabili-
zation of MKP3, transfect 100 ng CA MEK-EGFP, 200 ng 
EGFP-p2A-MKP3-eLOV-tevS-deg, and 700 ng of NLS-
mCherry-TEV-LEXY plasmids into the cell (see Notes 4–6).

	 4.	 After 3 h of transfection, replace the media in the well with 
F12K growth media.

	 5.	 Place one plate on the light box and move them into the 
incubator. Begin blue light stimulation at an intensity of 0.2–
0.5 mW/cm2. Keep the other plate in the dark as a negative 
control (see Notes 7 and 8).

	 6.	 Stimulate the PC12 cells for 48–72 h before imaging neurite 
outgrowth.

	 7.	 Image the cells to determine the differentiation ratio based 
on the equation below (see Notes 9–11).

=

Neurite outgrowth ratio
of mCherry-positive cells showing neurite outgrowth

of EGFP-positive cells
#

#

Representative fluorescence images of PC12 cells transfected 
with GLIMPSe-MKP3 are shown in Fig. 2. Significant neu-

3.1  Inhibit pERK 
Through Optogenetic 
Stabilization of MKP3
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rite outgrowth was observed in the dark (MKP3 degraded, 
Fig. 2 left panels), whereas blue light stimulation blocked 
neurite outgrowth (MKP3 restored, Fig. 2, right panels).
Follow Steps 9–15 if performing a Western blot.

	 8.	 Harvest and lyse the cell with 1×​ RIPA buffer supplemented 
with protease/phosphatase inhibitor cocktail.

	 9.	 Centrifuge the lysate at 15,000 ×​ g for 10 min to clear away 
cell debris.

	10.	 Mix the lysate with NuPAGE LDS Sample Buffer and β​
-Mercaptoethanol.

	11.	 Run SDS-PAGE on a precast gel, followed by overnight 
transfer to a PVDF membrane.

	12.	 Perform primary blotting with an antibody for phospho-ERK 
and pan ERK.

	13.	 Visualized secondary blotting with the corresponding sec-
ondary antibody.

Fig. 2  GLIMPSe-mediated stabilization of MKP3 inhibits differentiation of PC12 
cells. PC12 cells were transfected with CA-MEK-GFP, GFP-2A-MKP3-eLOV-tevS-
degron, and NLS-mCherry-TEV-LEXY. When cells were left in the dark, robust 
signs of neurite outgrowth, a feature of differentiation, can be observed. When 
cells are stimulated by blue light, this feature is gone
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	14.	 Determine MKP3 activity by comparing the pERK/panERK 
between the illuminated and dark plates (see Note 12).

	1.	 Follow Steps 1 and 2 of Sect. 3.1.
	2.	 Transfect 50 ng of EGFP-p2A-CA MEK-eLOV-tevS-deg and 

950 ng of NLS-mCherry-TEV-LEXY plasmids using Turbofect 
following the vendor’s protocol (see Notes 4–6).

	3.	 Follow Steps 4–7 of Sect. 3.1. The total blue light stimulation 
time should be around 45 h.

	4.	 Follow up with imaging or a Western blot experiment.
	5.	 Representative fluorescence images of PC12 cells transfected 

with GLIMPSe-CA-MEK are shown in Fig. 3. Minimal neurite 
outgrowth was observed in the dark (CA-MEK degraded, Fig. 3  
left panels), whereas blue light stimulation induced neurite 
outgrowth (CA-MEK restored, Fig. 3, right panels).

	1.	 Follow Steps 1-2 of Sect. 3.1. Plate one well of cells for each 
illumination time point. For example, to measure seven time 
points (0, 0.5, 1, 2, 4, 6, and 24 h), prepare seven wells per 

3.2  Promote pERK 
Through Optogenetic 
Stabilization of  
CA-MEK

3.3  Kinetic Analysis 
of GLIMPSe-Mediated 
MKP3 Stabilization

Fig. 3  GLIMPSe-mediated stabilization of CA MEK promotes differentiation 
of PC12 cells. PC12 cells were transfected with GFP-2A-CA MEK-eLOV-tevS-
degron and NLS-mCherry-TEV-LEXY. When cells were left in the dark, no signs of 
neurite outgrowth were observed. When cells are stimulated by blue light, neurite 
outgrowth is observed, as shown in the white boxes
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biological replicate, with each well harvested and analyzed at 
its designated time point.

	2.	 Transfect 100 ng of EGFP-p2A-HA-MKP3-eLOV-tevS-
deg and 50 ng of NLS-mCherry-TEV-LEXY plasmids using 
Turbofect following the vendor’s protocol (see Notes 4–6).

	3.	 After 3 h of transfection, let the cells recover in F12K growth 
media overnight. Do not perform any stimulation yet.

	4.	 The next day, expose the cells to blue light at an intensity of 
0.5 mW/cm2 for timespans ranging from 0 to 24 h. Use 0 h as 
the unstimulated negative control (see Notes 7 and 8).

	5.	 Harvest cell lysates at the corresponding time points.
	6.	 Follow up with Western blot using HA tag and GAPDH pri-

mary antibodies. On the HA blot, there should be two bands. 
One is the full-length construct at 72 kDa, and the other, with 
the degron sequences cleaved off, is at 62 kDa.

	7.	 Determine the stabilization efficiency at a given time point t 
using the following equation

=
+

Stabilization efficiency t
I t

I t I t
( )

( )
( ) ( )

kDa

kDa kDa

62

62 72

Where I stands for the HA band intensity at their corresponding 
molecular weight.

Fit the curve to obtain the kinetics of protein stabilization.

4  Notes

	 1.	 The plasmids listed here are in the process of being deposited 
to Addgene and are available upon request.

	 2.	 The full sequence of the caged degron (eLOV-tevS-deg) can be 
found in the supplementary information of Mondal et al. [14].

	 3.	 PC12 cells are easy to detach from surface. Use mild pipet-
ting when switching medium or performing transfection.

	 4.	 Plasmids quality affects transfection efficiency. Using 
high-quality plasmids purified by Maxiprep helps achieve 
high transfection efficiency in PC12 cells.

	 5.	 Transfection efficiency differs for different cell lines. If chem-
ical transfection results in poor transfection efficiency, con-
sider lentiviral infection instead.

	 6.	 For each experiment, titrate the total amount and ratio of 
plasmids used to optimize the dynamic range (light-to-dark 
contrast) of neurite outgrowth ratio.
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	 7.	 LEDs in the home-built lightbox can be connected with thin 
copper wires to facilitate illumination within the incubator.

	 8.	 If continuous light illumination results in strong phototox-
icity, consider lowering the excitation power or use intermit-
tent light pattern. In our hands, light power of 0.2-0.5 mW/
cm2 is sufficient to activate the GLIMPSe system.

	 9.	 Tune cell plating density so that cells will not overgrow by the 
time of imaging.

	10.	 If performing live-cell imaging, pre-equalize the environmen-
tal chamber at 37 °C with 5% CO2 for at least 30 min before 
imaging.

	11.	 Kinetics of the nuclear to cytosolic transport of TEV-LEXY 
can be measured by fluorescence imaging using mCherry 
channels.

	12.	 If performing Western blot, normalize pERK activity with 
pan-ERK.
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Chapter 10

Reporter Gene Assay for Monitoring BCL6 Reactivation

Catherine L. Ingram, Radosław P. Nowak and Thomas M. Geiger

Abstract
Transcription factors are an exciting class of drug targets. Recent developments in small molecule-induced 
proximity allow for small molecule control of their activity by recruitment of epigenetic proteins. In 
this chapter, we describe the development of a transcriptional activity assay for the transcription factor 
BCL6 with a small molecule activator, TCIP1, in HEK293T cells [1]. The assay is based on the Bio-Glo 
Luciferase assay system and uses transient transfection of a BCL6-expressing plasmid, as well as a reporter 
plasmid where a BCL6 DNA-binding sequence controls expression of a luciferase protein. The method 
described here is specific to BCL6 but can easily be optimized to monitor the activity of other transcription 
factors by altering the DNA-binding sequence of the reporter.

Keywords  BCL6, TCIP, Transcription activation, Induced proximity, Reporter gene assay

1  Introduction

Reporter gene assays provide a powerful tool to monitor the reg-
ulatory activity of transcription factors (TF) and activation of sig-
nal pathways [2, 3]. In these assays, the TF’s activity is linked to a 
detectable signal by placing regulatory DNA elements (response 
elements) upstream of a reporter gene, such as a luciferase. When 
the transcription factor is active, the reporter gene is expressed, and 
the resulting signal can easily be quantified.

In drug discovery, reporter gene assays are commonly used to 
measure interference of protein ligands with defined signaling path-
ways in a rapid, sensitive, and scalable manner. Recently, a new class 
of hetero-bifunctional molecules has been developed that recruit 
transcriptional activators to repressors of promoters of cell death 
genes [1, 4–6]. These compounds, termed TCIPs (transcriptional 
and epigenetic chemical inducers of proximity), overwrite the repres-
sive effect of oncogenic proteins, such as BCL6 (B-cell lymphoma 
6 protein), ultimately leading to reactivation of BCL6-suppressed 
apoptotic genes and cell death through recruitment of transcriptional 
activators, such as BRD4 [1].

https://doi.org/10.1007/978-1-0716-5508-5_10
http://crossmark.crossref.org/dialog/?doi=﻿﻿10.1007/978-1-0716-5508-5_10﻿&domain=pdf
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Here, we describe a detailed protocol for the implementation of 
a reporter gene assay for BCL6 utilizing transient transfection and 
HEK293T cells. Towards this aim, we generated a reporter plasmid 
containing 9 BCL6 DNA-binding elements (5′​-TTCCTAGAA-3′​) 
positioned upstream of a minimal promoter and the firefly luciferase 
gene (Fig. 1). The dTAG system is a combination of an FKBP12 
protein with the F36V mutation and a corresponding small molecule 
degrader, such as dTAG13 (recruiting E3 ligase adapter CRBN) 
[7] or dTAG-V1 (recruiting E3 ligase adapter VHL) [8], which, 
when fused to a protein of interest, results in its selective degra-
dation. Recently, the FKBP12F36V system has been repurposed for 
recruitment of proteins other than E3 ligases that allow for tran-
scriptional activation or protein relocalization [9]. Here, we lev-
erage the BCL6-FKBP12F36V system to activate transcription of 
BCL6 with TCIP1 [1], which recruits BRD4 directly to the BTB 
domain of BCL6, or with NICE-1 [9], which recruits BRD4 to the 
FKBP12F36V part of the BCL6-FKBP12F36V fusion. Upon transient 
co-transfection of the reporter plasmid together with a BCL6-FK-
BP12F36V expression plasmid into HEK293T cells, BCL6 binds to 
its cognate DNA-binding elements upstream of the reporter gene, 
enabling the monitoring of transcriptional activation mediated by 
TCIP1 and NICE-1. These recruitments both result in activation 
of the reporter construct and increased firefly luciferase expression. 

Fig. 1  Schematic visualization of the BCL6 reporter gene assay in HEK293T cells. The BCL6 reporter plasmid 
and a BCL6-dTAG expression construct are introduced by transient transfection. Upon expression of the BCL6-
dTAG, small molecule TCIPs recruit endogenous BRD4 to DNA-bound BCL6, which increases firefly luciferase 
(Fluc) expression
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Furthermore, a BCL6Δ​ZF- FKBP12F36V construct lacking the zinc 
finger DNA-binding domain was used to demonstrate that the 
observed activation depends on BCL6 binding to the reporter vector 
and is therefore a consequence of BCL6- and TCIP-mediated prox-
imity between BRD4 and the reporter construct. This system, relying 
on co-transfection of a reporter plasmid and a plasmid expressing a 
transcription factor of interest, can be easily adapted to monitor the 
activity of other transcription factors for which the DNA response 
elements are known.

2  Materials

	 1.	 Cell culture equipment and reagents—include a biosafety 
cabinet and a heated bead/water bath.

	 2.	 Automated cell counter or hemocytometer.
	 3.	 Electronic multichannel pipette with adjustable tip spacing, 

such as the E1 Clip-Tip™ P125 multichannel pipette.
	 4.	 Automatic compound dispensing system (see Note 1).
	 5.	 Multi-well plate reader equipped with a luminescence mod-

ule, such as a PHERAstar FSX (see Note 2).

	 1.	 HEK293T/17 cell line.
	 2.	 DMEM, high glucose supplemented with 10% fetal bovine 

serum and 1% Penicillin-Streptomycin; referred to here as cul-
ture medium .

	 3.	 Opti-MEM I reduced serum medium, no phenol red.
	 4.	 Cell culture phosphate-buffered saline (1×​).
	 5.	 Trypsin-EDTA (0.05%), phenol red.
	 6.	 Trypan Blue solution (0.4%).
	 7.	 Tissue culture (TC) dish 100 mm, standard, TC-treated.
	 8.	 White/opaque 384-well plates, sterile.
	 9.	 Transfection reagent, such as Lipofectamine™ 2000 or 

equivalent.
	10.	 Firefly luciferase detection reagent, such as the Bio-Glo 

Luciferase Assay System (Promega Corporation catalog num-
ber G7940).

	11.	 9xRE (BCL6) reporter in pGL4.38 plasmid backbone recon-
stituted in DI water (see plasmid map in Fig. 2).

	12.	 BCL6-dTAG-Flag-HiBiT in the Cilantro2 plasmid backbone 
lacking GFP and mCherry was reconstituted in DI water (see 
plasmid map in Fig. 3) (see Note 3).

2.1  Equipment

2.2  Reagents
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	13.	 Positive control compound TCIP1 [1]. Best to use fresh 
each time with no freeze-thaws; suggested to prepare a 10 mM 
stock in DMSO and store small aliquots at −​80°C.

	14.	 Compound NICE-01 [9]. Best to use fresh each time with no 
freeze-thaws; suggested to prepare a 10 mM stock in DMSO 
and store small aliquots at −​80°C.

3  Methods

	 1.	 Culture HEK293T/17 in 100 mm TC plates under normal 
conditions as recommended by ATCC.

	 2.	 After collecting the confluent cells (see Note 4) in cell culture 
medium, prepare a 1:1 mixture of trypan blue to cell sus-
pension. Use this suspension to count the cells and confirm 
viability of at least 90%.

	 3.	 Seed three 100 mm TC plates with 2.5 ×​ 106 viable cells in 
10 mL of cell culture medium per plate.

	 4.	 Place the plates in a mammalian cell culture incubator (37°C, 
5% CO2) overnight.

	 5.	 The following day, prepare the following solutions in 1 mL 
Opti-MEM in sterile 2 mL canonical tubes:

3.1  Transfection of 
Luciferase Reporter 
and BCL6-dTAG 
Expressing Plasmids

Fig. 2  Map of the BCL6 reporter gene plasmid. 9 BCL6 response elements (RE) are placed upstream of the fire-
fly luciferase gene in the pGL4.38 backbone. The BCL6 response element (RE) corresponds to the sequence: 
TTCCTAGAA
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Fig. 3  Map of the plasmid overexpressing BCL6-dTAG. C-terminal BCL6 dTAG-Flag-HiBiT fusion constructs in 
the Cilantro2 backbone. (A) BCL6 (1-706) corresponds to full-length BCL6, while (B) BCL6Δ​ZF (1-517) lacks 
the C2H2 zinc finger domains
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Fig. 3  Evaluation of N-degron proteolysis reporters in M. smegmatis by flow 
cytometry. (A) Wild-type M. smegmatis cells harboring either Ser or Tyr pTKIU 
plasmids were analyzed by flow cytometry after 10 h of aTc induction. Gates were 
established around the primary populations of cells in the SSC-A versus FSC-A 
plot (left), and the captured events were analyzed by plotting GFP versus mCherry 
fluorescence on a hyperlog plot (right). Cells expressing the Tyr reporter exhibit 
similar GFP fluorescence, but mCherry fluorescence is clearly shifted leftward to 
lower levels. (B) M. smegmatis Δ​clpS cells expressing Ser or Tyr pTKIU plasmids 
were analyzed as in (A). GFP and mCherry fluorescence of both populations of 
cells overlap



Assessment of Bacterial N-Degron Proteolysis by a Dual-Fluorescence Reporter 243

	 7.	 Plate reader gain or sensitivity for fluorescence detection can 
typically be adjusted. For optimal results, these parameters 
should be optimized such that the maximum and minimum 
signals across the entire time course are within the dynamic 
range of the instrument. Alternatively, for instruments capa-
ble of calibrating gain against a reference well, we find it use-
ful to include reference wells with purified GFP and mCherry. 
The concentration of purified protein appropriate to establish 
the ideal dynamic range must be determined for the individ-
ual assay conditions used.

	 8.	 Detection settings (wavelength, bandwidth, filters, etc.) for 
fluorescence detection may require optimization for the spe-
cific plate reader used.

	 9.	 Under these assay conditions, we find that incubation beyond 
16 h is complicated by cell clumping and condensation on the 
plate lid, which cause unstable fluorescence and absorbance 
signals.

	10.	 We observe that GFPRFU/OD600 values reach a maximum 
after ~5 h of induction, then gradually decrease as OD 
increases. Regardless of the specific trend observed, we expect 
the GFPRFU/OD600 values to be consistent across all samples.

	11.	 At early time points, where cell concentrations are low and 
reporter expression has only just begun, there is greater uncer-
tainty in both OD600 and RFU readings. Accordingly, RFU/
OD ratios in the early portion of the experiments should be 
considered less reliable.

	12.	 Induce for the optimal duration of time determined by the 
plate reader assay.

	13.	 A culture of M . smegmatis at an OD600 of 1.0 corresponds to 
~3 ×​ 108 cells/mL.

	14.	 Keep a stock of undiluted cells and prepare extra PBS in case 
fresh dilutions need to be made.

	15.	 Our analysis utilized a nozzle size of 70 µ​m and neutral den-
sity (ND) filter of 1.0.

	16.	 Bacterial populations may give multiple clusters on the SSC-A 
versus FSC-A plot, corresponding to different stages in the 
cell division cycle. With the M . smegmatis example data shown 
here, we found that these populations exhibited a consistent 
shift in fluorescence indicative of N-degron proteolysis and 
thus were gated as a single cluster.
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Chapter 18

SsrA-Based Targeted Protein Degradation in Escherichia coli

Qichang Nie and Terrence Chi-Kong Lau

Abstract
Targeted protein degradation is an emerging concept of drug discovery to selectively eliminate the 
pathogenic proteins by activating their degradation in cells. The proteolysis-targeting chimeras 
(PROTACs) are bifunctional small molecules that induce the degradation of a protein of interest (POI) 
by proteasome. Here we describe a method that utilizes an ssrA-based BacPROTAC (bacterial PROTACs) 
to target the drug-resistant proteins CTX-M-14, a class A β​-lactamase commonly found in extended-
spectrum beta-lactamase (ESBL) plasmids of antimicrobial resistance (AMR) bacteria. This strategy could 
resensitize the drug-resistant bacteria and revive previously disregarded antibiotics, opens up a new avenue 
for therapeutic development of AMR bacteria.

Keywords  BacPROTACs, Antimicrobial resistance, Escherichia coli, ESBL plasmids, Protein 
degradation, Proteasome

1  Introduction

In bacterial cells, ribosomal stalling occurs on mRNAs lacking stop 
codons or containing codons for which no cognate tRNA is available. 
To resolve stalled translation complexes and eliminate incomplete 
polypeptides, bacteria maintain a tmRNA-mediated quality control 
system (also referred to as SsrA RNA) in conjunction with its protein 
partner SmpB [1, 2]. This tmRNA (SsrA) system recognizes ribo-
somes arrested on truncated mRNAs and appends a degradation tag 
(SsrA tag) to the nascent polypeptide chain. The tag, featuring core 
sequences such as AANDENYALAA, is specifically recognized by 
ATP-dependent proteases such as ClpXP and ClpAP [3, 4], resulting 
in rapid proteolysis of the tagged substrate [5, 6]. This endogenous 
mechanism has been adapted as a tool for targeted protein degrada-
tion in Escherichia coli, enabling inducible depletion of specific pro-
teins without genetic modification or exogenous chemical inducers 
in certain experimental systems.

Targeted protein degradation represents a pivotal methodology 
in molecular and cellular biology, enabling precise modulation of 

https://doi.org/10.1007/978-1-0716-5508-5_18
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protein abundance to investigate gene function, pathway dynamics, 
and therapeutic interventions. Current degradation strategies primar-
ily engage one of two proteolytic systems: the ubiquitin-proteasome 
system or the lysosomal pathway. Chemically engineered molecules 
such as proteolysis-targeting chimeras (PROTACs) or molecular 
glues which bind specific target proteins to recruit the ubiquitin-pro-
teasome machinery [7] or activate the lysosomal degradation pathway 
using lysosome-targeting chimeras (LYTACs), respectively.

In bacteria, the strategy of targeted protein degradation com-
prises two major approaches: degrader addition and degron fusion. 
BacPROTAC, the sole reported bacterial degrader, is a PROTAC-in-
spired molecule featuring a phosphorylated arginine analog (pArg) 
conjugated through a linker to a target-binding ligand (e.g., biotin). 
In bacteria, pArg binds the ClpC protease while biotin recruits 
target proteins, enabling proximity-mediated degradation via the 
ClpCP complex [8]. This approach has successfully achieved targeted 
protein degradation in B . subtilis and Mycobacteria and demon-
strated therapeutic potential against bacterial infections and anti-
biotic tolerance [8–10]. Degrons, on the other hand, are specific 
peptide sequences that send the targeted proteins for proteasomal 
destruction. Gram-negative bacteria such as Escherichia coli often 
rely on endogenous proteolytic quality control mechanisms, and 
the sequence of SsrA tag (either at N- or C-terminus) has been 
demonstrated as the peptide sequence of degron with high efficiency, 
specificity, and versatility for targeted protein degradation [11, 12]. 
Moreover, the system of SsrA-mediated degradation provides several 
experimental advantages: it is genetically encodable, inducible via 
transcriptional control, and suitable for high-throughput applications 
[13, 14]. It has been employed to study essential genes, engineer 
synthetic genetic circuits, and interrogate protein function in real 
time. In this paper, we present a detailed protocol for SsrA-based 
targeted protein degradation in E . coli, including tag design, bacterial 
strain considerations, and validation methodologies.

2  Materials

	1.	 Nacubactam: store at −​80°C.
	2.	 Dimethylformamide (DMF).
	3.	 Trifluoroacetic acid (TFA).
	4.	 HATU (1-[Bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate).
	5.	 Piperidine (≥​99.5%).
	6.	 Dithiothreitol (DTT).
	7.	 Fmoc-protected amino acids:

2.1  Synthesis of 
Peptide Conjugates
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Fmoc-Ala-OH, Fmoc-Asn(Trt)-OH, Fmoc-Asp(OtBu)-OH,
Fmoc-Tyr (But)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Leu-OH,
Fmoc-6-Ahx-OH: store at room temperature.

	8.	 Rink amide resin.
	9.	 C-18 column.

All reagents are ACS-grade or synthesis-grade.

	 1.	 Antibody mouse monoclonal his-tag (sc-8036), HRP-
conjugated m-IgG Fc BP-HRP (sc-525409), GAPDH mon-
oclonal antibody (GA1R): store at 4°C.

	 2.	 E . coli BL21 (DE3) and J53 glycerol stocks: store at −​80°C.
	 3.	 Plasmids: pACYCT2 and pET-28a.
	 4.	 Enzyme: NdeⅠ and XhoⅠ.
	 5.	 Antibiotics: 50 μ​g/mL kanamycin (Kan), and 34 μ​g/mL 

chloramphenicol (CHL).
	 6.	 Isopropyl β​-D-1-thiogalactopyranoside (IPTG).
	 7.	 Ni-bound Sepharose resin.
	 8.	 Lysis buffer (pH 7.5): 150 mM NaCl, 20 mM Tris-HCl.
	 9.	 Wash buffer I (pH 7.5): 150 mM NaCl, 20 mM Tris-HCl, 

20 mM imidazole.
	10.	 Wash buffer II (pH 7.5): 500 mM NaCl, 20 mM Tris-HCl, 

20 mM imidazole.
	11.	 Elution buffer I (pH 7.5): 150 mM NaCl, 20 mM Tris-HCl, 

200 mM imidazole.

3  Methods

	 1.	 Resin preparation: weigh 30.3 mg Rink amide resin 
(0.02 mmol equivalent) into a reaction vessel with filters and 
connect the up and down outlets to the solvent line and the 
waste line, respectively.

	 2.	 Before the first coupling step, add 8.0 ml DMF to the resin, 
stir gently for 5 min, and then drain the resin via nitrogen 
pressure (4–8 psi). Repeat three times.

	 3.	 Add 8.0 ml of 20% piperidine/DMF (v/v), stir gently for 
5 min (The first Fmoc removal step), and then drain the resin 
by nitrogen pressure.

	 4.	 Dissolve 0.1 mmol Fmoc-protected amino acid and HATU 
(0.1 mmol), HOAt (0.1 mmol), and DIPEA (0.15 mmol) in 
DMF for 3 h HATU in 8.0 ml DMF. Mix well by bubbling 
nitrogen for 30 s.

2.2  Cloning and 
Protein Expression

3.1  SsrA-Based 
Conjugate Synthesis
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Add the mixture to the resin. Shake for 1 h and then remove 
the solvent by nitrogen pressure (see Note 1).

	 5.	 Repeat the cycle starting from steps 3 and 4 for each of the 
subsequent amino acids according to the peptide sequence 
using the above Fmoc-amino acids.

	 6.	 Add different linkers before addition of nacubactam (see Note 
2).

	 7.	 Peptide cleavage: Rink resin was stirred with cleavage solu-
tion (TFA/TIS/water =​ 95:2.5:2.5) at 0°C for 4 h.

	 8.	 Filter the mixture, and rinse and precipitate the crude peptide 
conjugates twice with cold diethyl ether, then centrifuge at  
14,000 rpm at 4°C.

	 9.	 Peptide purification. The crude peptides were purified by 
RP-HPLC on a C-18 column at room temperature with a 
linear gradient system (5%–95% B in 6 min, flow 1 mL/min) 
using eluent A (100% H2O +​ 0.05% TFA) and eluent B (100% 
CH3CN +​ 0.05% TFA). The target fractions were collected, 
lyophilized, and confirmed by 4800 Plus MALDI TOF/TOF 
Analyzer (ABI).

	10.	 Peptide powder were stored at −​20°C or −​80°C.

	1.	 Transform the competent E . coli J53 cells with the pACYCT2 
plasmid carrying the C-terminus his-tag ClpX sequence. Plate 
on 34 μ​g/mL chloramphenicol (CHL) agar plates and incu-
bate overnight at 37°C.

	2.	 Transform the competent E . coli BL21 cells with the pET28 
plasmid carrying the C-terminus his-tag ClpP sequence. Plate 
on 50 μ​g/mL kanamycin (Kan) agar plates and incubate over-
night at 37°C.

	3.	 Target protein: β​-lactamase, CTX-M-14, encoded by the 
blaCTX-M-14 gene. The signal peptide coding region–trun-
cated CTX-M-14 (sCTX-M-14) was inserted into pET-28a 
plasmid at NdeⅠ and XhoⅠ sites (see Note 3). Transform the 
competent E . coli BL21 cells with the pET28 plasmid carry-
ing the signal peptide-truncated CTX-M-14 with N-terminus 
his-tag. Plate on 50 μ​g/mL kanamycin (Kan) agar plates and 
incubate overnight at 37°C.

	4.	 Pick a single colony from the LB agar plate. All liquid cultures 
were grown under constant agitation (220 rpm) at 37°C.

	5.	 Culture the cells on large scale and induce protein production.
Incubate at 37°C with shaking until OD600 reaches 0.4–0.8. 
For most vector systems, induce with 500 μ​M IPTG and ex-
press protein for 3 h at 37°C, 5 h at 30°C, or overnight at 16°C 
(see Note 4).

3.2  Cloning and 
Protein Expression
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	6.	 Harvest the cells by centrifugation at 5000 ×​ g for 20 min at 
4°C and discard the supernatant.

	7.	 Collected cells are moved into a tube and flash-frozen in liquid 
nitrogen. For long-term storage, the sample is kept at −​80°C 
or processed immediately (see Note 5).

All constructs are verified for their correct sequence by DNA 
sequencing.

	 1.	 Resuspend the cell pellet into lysis buffer in a ratio of 1:10 
(w/v) (see Note 6).

	 2.	 Lyse the resuspended cells using sonication (32% amplitude, 
5 s on/5 s off, for 10 min).

	 3.	 Centrifuge the lysate at 12,000 ×​ g for 20 min at 4°C and dis-
card the pellet.

	 4.	 Purify the protein through affinity chromatography (see Note 
7). Equilibrate the Ni-NTA affinity column with 10 column 
volumes (CV) of lysis buffer.

	 5.	 Wash the resin with wash buffer I (5 CV).
	 6.	 Wash the resin with wash buffer II (5 CV).
	 7.	 Elute the recombinant protein with Elution buffer contain-

ing 100–200 mM imidazole.
	 8.	 Collect the samples and check the purity of the target protein 

in the fractions by SDS-PAGE.
	 9.	 Store the purified protein fractions (>​95% pure, as estimated 

by SDS-PAGE) at 4°C for immediate use or frozen, at −​
80°C, for long-term storage.

	10.	 Exchange the protein buffer with buffer (10 mM Tris-HCl, 
pH 7.5, 150 mM NaCl) after several centrifugation in 30K 
protein concentrator.

	11.	 Protein concentrations were determined using the Bradford 
method.

	12.	 Protein samples can be flash-frozen in liquid nitrogen and 
stored at temperatures below −​80°C.

	1.	 The surface plasmon resonance experiments use a Bruker Sierra 
SPR-32 Pro Analyzer with a His-tag sensor chip.

	2.	 Immobilize the ligands (sCTX-M-14, 1.5 μ​g/mL; ClpX, 4 μ​g/
mL) in 10 mM Tris, 150 mM NaCl, pH 7.5 with 0.05% Tween 
20 and 50 μ​M EDTA, separately onto the His-tag chip.

	3.	 Block surfaces with a 7 min injection of 1 M ethanolamine, pH 
8.0.

	4.	 Activate the surfaces of flow cells for 7 min with a 1:1 mix-
ture of 0.1 M NHS (N-hydroxysuccinimide) and 0.4 M EDC 

3.3  Protein 
Purification

3.4  Binding Affinity 
with Protein Analyzed 
by Surface Plasmon 
Resonance (SPR)
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(3-(N,N-dimethylamino) propyl-N-ethylcarbodiimide) at a 
flow rate of 5 μ​L/min.

	5.	 To collect kinetic binding data, inject the analyte (NacssrA-1, 
nacubactam, or ssrA in 10 mM Tris, 150 mM NaCl, 0.05% 
Tween 20, and 50 μ​M EDTA, pH 7.5) over flow cells at con-
centrations of 90, 30, 10, 3.3, and 1.1 nM at a flow rate of  
60 μ​L/min and 25°C.

	6.	 The complex associates and dissociates for 90 and 300 s, 
respectively.

	7.	 Regenerate the surfaces with a 5 s injection of 0.1 M EDTA. 
Triplicate injections (in random order) of each sample and a 
buffer blank flow over the surfaces.

	8.	 Collect data at a rate of 1 Hz. The data fit to a simple 1:1 inter-
action model using the global data analysis option available 
within Bruker Sierra SPR-32 Pro Analyzer software.

	1.	 Set up in vitro degradation assays: 0.5 μ​M E . coli ClpX,  
0.5 μ​M E . coli ClpP, and 2 μ​M substrate protein, 15 μ​M phos-
phoenolpyruvate (PEP), 10 U/mL pyruvate kinase in a buffer 
(50 mM Tris pH 7.5 (at 37°C), 50 mM KCl, 20 mM MgCl2, 
10% (v/v) glycerol).

	2.	 Dissolve BacPROTAC compounds in 100% (v/v) DMSO and 
further diluted, giving rise to a final concentration of 1% (v/v) 
of DMSO. DMSO as control.

	3.	 Add 5 mM ATP to start the reaction and quench it by adding 
SDS sample buffer after 2 h of incubation at 37°C.

	4.	 Analyze the degradation effect using SDS-PAGE and Coomassie 
blue staining. All experiments perform in triplicates.

	1.	 Transform the competent E . coli BL21 cells with the respective 
pET28a vectors, culture the cells in LB medium (50 μ​g/mL 
kanamycin).

	2.	 For in vivo degradation assays, induce protein expression by 
the addition of 20 μ​M IPTG.

	3.	 Aliquot cells and incubate cells with continuous concentra-
tions of NacssrA-1 or individual head molecules (nacubactam 
or SsrA peptide).

	4.	 Harvest 200 μ​L of each treatment after 1-h incubation by 
centrifugation, resuspend the cell pellet in 100 μ​L of a buffer 
(50 mM Tris-HCl pH 7.5, 150 mM NaCl, and 10% (v/v) 
glycerol).

	5.	 Lyse the cells using the Bioruptor (10 cycles, 30 s on / 30 s 
off) and centrifuge, get the cytosolic β​-lactamase sCTX-M14 
protein.

3.5  In Vitro Protein 
Degradation Assays

3.6  Western Blot 
Analysis of Protein 
Degradation
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	6.	 Analyze the samples using Western blot assay. Resolve 30 ng 
cell lysates of each sample by SDS-PAGE on a 10% gel at 100 V 
for 15 min and 120 V for 40 min. Transfer the protein blots to 
PVDF membrane (Sigma, German) at 100 V for 90 min at 4°C 
and block with 5% non-fat milk for 1 h at room temperature.

	7.	 Incubate the membrane overnight with primary antibody: 
mouse monoclonal his-tag (1:1000), and GAPDH antibody 
(GA1R) (1:1000) at 4°C. Wash the membrane five times with 
TBST and incubate with secondary antibody (1:1000) for 1 h 
at room temperature, then wash again five times with TBST. 
Detect the signal on the membrane with an appropriate imag-
ing system (e.g., ChemiDoc Touch Imaging System) and ana-
lyze using ImageJ.

	 1.	 Sample preparation for LC–MS/MS: For quantitative MS 
analysis, treat E . coli BL21 (DE3) expressing sCTX-M-14 
with 1% (v/v) DMSO, 10 μ​M, or 1 μ​M NacssrA-1, following 
the procedures described above.

	 2.	 Prepare the samples using EasyPep™ MS Sample Prep Kits 
(Invitrogen) following the manufacturer’s protocol.

	 3.	 Measure the protein concentration by Rapid Gold BCA 
Protein Assay Kit (Pierce) using a CLARIOstar multimode 
microplate reader (BMG).

	 4.	 Take 15 µ​g of proteins from each sample, reduce and alkylate 
the protein at 95°C for 10 min using heat block.

	 5.	 After incubation, cool samples to room temperature, add 
trypsin/Lys-C proteases mix, and incubate for 3 h at 37°C.

	 6.	 Stop the digestion and transfer the digested protein samples 
to the protein peptide clean-up column for desalting and 
contaminants removal before drying using a Refrigerated 
CentriVap Vacuum Concentrator (Labconco).

	 7.	 Analyze peptide samples using a Bruker timsTOF Pro 2 mass 
spectrometer (Bruker, Bremen, Germany) interfaced with an 
UltiMate 3000 RSLCnano system (Thermo Fisher Scientific, 
Waltham, USA).

	 8.	 Reconstitute dried peptides in 30 μ​L of 0.1% formic acid 
in water and inject 2 μ​L of the solution onto an Acclaim™ 
PepMap™ 100 C18 trap column (5 mm ×​ 1 mm; particle size, 
5 μ​m; pore size, 100 Å).

	 9.	 Perform peptide separation on an Aurora™ ULTIMATE C18 
analytical column (25 cm ×​ 75 μ​m; particle size, 1.7 μ​m; pore 
size, 120 Å; IonOpticks, Fitzroy, Australia) using a 65-min 
linear gradient at a flow rate of 300 nL/min.

	10.	 Initiate the gradient at 2% mobile phase B (acetonitrile with 
0.1% formic acid) for 2 min, increase to 5% over 0.1 min, 
ramp from 5% to 35% over 44.9 min, then from 35% to 90% 

3.7  Proteomic 
Analysis by LC–MS/
MS
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in 4 min, and hold at 90% for 5 min. Subsequently, reduce the 
proportion of mobile phase B to 2% over 0.1 min and main-
tain for an additional 4.9 min.

	11.	 Acquire the mass spectrometric data (including both MS and 
MS/MS spectra) over a mass range of 100–1700 m/z and 
scan the ion mobility range from 0.6 to 1.6 V·s/cm². The 
dual TIMS setup enables operation at 100% duty cycle, with 
ramp and accumulation times set at 100 ms. Collect MS/MS 
spectra in library-free DIA-PASEF (data-independent acqui-
sition–parallel accumulation–serial fragmentation) mode, 
with a total cycle time of 1.8 s and an isolation window of 
25 m/z. Collision energies range from 59 eV at 1.3 Vs cm⁻​² 
to 20 eV at 0.85 Vs cm⁻​².

	12.	 Analyze MS raw data using the Spectronaut™ 19 search 
engine (Biognosys Inc.) with the library-free (directDIA) 
workflow, utilizing a database comprising E . coli (strain B/
BL21-DE3) and the sCXT-M-14.

	13.	 Run the analysis with the default settings. In brief, perform 
the protein identification search using the following param-
eters set: (1) fixed modification: cysteine carbamidomethyl-
ation (+​57.021 Da); (2) variable modification: methionine 
oxidation (+​15.995 Da) and acetylation (+​42.011 Da) at the 
protein N-terminus; (3) trypsin/P and Lys-C/P for digestion 
with two missed cleavages allowed; (4) Only PSM, peptides, 
and protein groups with false discovery rate (FDR) <​1% were 
retained, and proteins with one or more unique peptides were 
filtered out.

	14.	 Perform label-free quantification based on the identification 
search result with an FDR threshold of 1% at the MS2 level 
using the area of extracted chromatogram traces.

	15.	 Visualize sCTX-M-14 protein within the E . coli proteome 
employing the pheatmap package in R. Analyze differential 
protein expression levels under the following criteria: a ratio 
>​2 or <​0.5 and a P value <​0.05 with a focus on differential 
protein expression based on abundance ratios and significance 
thresholds.

	1.	 Transform the competent E . coli BL21 cells with the respective 
pET28a vectors and  culture the cells in LB medium (50 μ​g/
mL kanamycin).

	2.	 Harvest cells by centrifugation after 1 h of cultivation to 
obtain cellular protein levels suitable for monitoring within the 
dynamic range of detection of the Western blot experiment.

	3.	 Perform susceptibility test of NacssrA-1 on sCTX-M-14–
expressing bacteria by determination of the minimum 

3.8  Susceptibility 
Tests Using E. coli​
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inhibitory concentration (MIC) of cefotaxime (CTX) using an 
agar-based assay.

	4.	 Briefly, add 200 μ​L of molten LB agar supplemented with  
50 μ​g/mL kanamycin and increasing cefotaxime (CTX) con-
centration at around 50°C to a 96-well microplate and cool 
down to room temperature.

	5.	 Dilute cells in prewarmed LB medium to a final concentration 
of 1 ×​ 105 CFU/mL, and spot 5 μ​L of cell dilution into each 
well and incubate at 37°C overnight before visual inspection.

4  Notes

	1.	 When doing manual synthesis, intermittent stirring is preferred 
over continuous stirring because of the fragility of some resin, 
in order to minimize the fragmentation of the resin in small-
sized particles, which can lead to the difficulties during filtra-
tion. As an alternative, continuous gentle shaking or nitrogen 
bubbling through the reaction vessel can be applied.

	2.	 The length of the linker is a critical factor to modulate the 
binding affinity. In our study, three distinct spacers including 
a long 6-aminohexanoic acid (Ahx) linker, a short β​-alanine 
linker, and no linker (control) were used to link the warhead 
(β​-lactamase inhibitor, nacubactam) and an ssrA-degron pep-
tide. Based on the structure prediction and molecular docking 
with the structure of CTX-M-14 (PDB: 6MZ1), ClpX (PDB: 
3HTE), and the BacPROTACs using AlphaFold3, NacssrA-1 
formed the most stable complex with a lowest binding energy. 
Therefore, Ahx, as a flexible linker, is the best option for bio-
conjugation of BacPROTACs.

	3.	 Wild-type CTX-M-14 localizes to the periplasm of Gram-
negative bacteria via an N-terminal signal peptide that directs 
translocation and is cleaved upon export to yield mature 
enzyme. In our study, we found that only the truncated CTX-
M-14 (signal peptide–free protein) could fold correctly and 
form a soluble form. Thus, a signal peptide–free CTX-M-14 
(sCTX-M-14) protein instead of the full-length protein is 
expressed.

	4.	 Add 500 μ​M IPTG and express protein using optimal time/
temperature determined in a small-scale trial.

	5.	 Flash-freezing is recommendable before storing the cells but is 
not mandatory.

	6.	 All the steps for cell lysis and solubilization should be carried 
out on ice, with all the buffers pre-chilled at 4°C.
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	7.	 The purification step should be done at low temperature 
(4–8°C) using a cold chamber or cold room. These steps can 
be performed using an FPLC system such as the ÄKTA purifier.
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