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ABSTRACT

The reversible attachment of ubiquitin governs the
interaction, activity and degradation of proteins
whereby the type and target of this conjugation de-
termine the biological response. The investigation
of this complex and multi-faceted protein ubiquitina-
tion mostly relies on painstaking biochemical analy-
ses. Here, we employ recombinant binding domains
to probe the ubiquitination of proteins in living cells.
We immobilize GFP-fused proteins of interest at a
distinct cellular structure and detect their ubiquiti-
nation state with red fluorescent ubiquitin binders.
With this ubiquitin fluorescent three-hybrid (ubiF3H)
assay we identified HP13 as a novel ubiquitination
target of UHRF1. The use of linkage specific ubiquitin
binding domains enabled the discrimination of K48
and K63 linked protein ubiquitination. To enhance
signal-to-noise ratio, we implemented fluorescence
complementation (ubiF3Hc) with split YFP. Using in
addition a cell cycle marker we could show that HP1
is mostly ubiquitinated by UHRF1 during S phase and
deubiquitinated by the protease USP7. With this com-
plementation assay we could also directly detect the
ubiquitination of the tumor suppressor p53 and mon-
itor its inhibition by the anti-cancer drug Nutlin-3. Al-
together, we demonstrate the utility of the ubiF3H
assay to probe the ubiquitination of specific pro-
teins and to screen for ligases, proteases and small
molecules controlling this posttranslational modifi-
cation.

INTRODUCTION

Protein ubiquitination is a highly conserved posttransla-
tional modification which involves the concerted action of
El, E2 and E3 enzymes to ultimately ligate the carboxyl ter-
minus of ubiquitin to a lysine residue of the selected protein

target (1-3). Proteins can be modified at one or multiple
lysine residues with a single ubiquitin or ubiquitin chains
formed through one of their lysine residues (K6, K11, K27,
K29, K33, K48 and K63) or the N-terminal methionine
residue (M1). The K48-linked ubiquitin linkage predom-
inantly signals for proteasomal degradation, whereas the
K63-linked linkage is mainly involved in non-degradative
processes such as DNA repair and NF-«kB signaling (2,3).
Due to technical challenges and difficulties in the detection
of the other types of ubiquitin chains, less information is
available about their functions. Since E3 ligases widely con-
trol protein levels and function, it becomes increasingly im-
portant to identify and characterize their specific targets in
order to comprehend their unique contribution to complex
regulatory protein networks.

The major approach for substrate identification relies
on the physical interaction between a ubiquitin E3 ligase
and its substrates, using methods such as yeast two-hybrid
(Y2H), protein microarrays and biotin-dependent prox-
imity labelling (BioID) (4-6). The ubiquitination of sub-
strates has been directly monitored with donor/acceptor
fluorophore pairs and sophisticated fluorescence resonance
energy transfer (FRET) and fluorescence lifetime imaging
(FLIM) techniques (7,8). Likewise, ubiquitin conjugation
was detected with bimolecular complementation of fluo-
rescence or luminescence (9,10) and was used for genetic
screens (11). An alternative approach is to assay for al-
tered protein stability upon chemical or genetic interfer-
ence with an E3 ubiquitin ligase of interest as ubiquitinated
proteins are targeted to proteasomal degradation (12,13),
which could also be monitored by bioluminescence energy
transfer (BRET) in PROTAC treated cells (14). Still, the
gold standard in the identification of ubiquitination targets
is mass spectrometry but, as a prominent biological func-
tion of this modification is proteasomal degradation, the
fleeting abundance of modified target proteins often limits
their detection.

To enrich for low abundance peptides from ubiquitinated
proteins, antibodies that recognize the ubiquitin remnant
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motif Lys-e-Gly-Gly (diGly), which is exposed upon tryp-
tic digestion of ubiquitinated proteins, have been developed
for global proteomic applications (15-17). In addition, sub-
strate trapping approaches based on polyubiquitin-binding
domain fusions have been generated for the isolation of
polyubiquitinated proteins from cell extracts (18,19). In
contrast to antibodies, these ubiquitin-binding domains,
which show different binding affinities for distinct ubiqui-
tin linkages (20,21), can also be fused to fluorescent pro-
teins to detect different biological ubiquitin signals (22-24).
Similarly, GFP-tagged ubiquitin has been used to visual-
ize free and linked ubiquitin in cells (25). While these meth-
ods detect general ubiquitination levels and proteome-wide
changes (26,27), they do not allow to monitor ubiquitina-
tion of specific targets in live cells with spatio-temporal res-
olution.

The detection of specific protein ubiquitination in live
cells requires a genetically encoded probe that specifically
binds but ideally does not interfere with biological func-
tion. Here, we generated recombinant probes consisting of
tandem ubiquitin association (2UBA) domains, or ubiqui-
tin interacting motifs (2UIM) or a Npl4 zinc finger (NZF)
fused to mCherry. These probes could detect local changes
in protein ubiquitination, e.g. at cellular DNA repair foci.
To detect the ubiquitination level of specific proteins we im-
mobilized them at defined subcellular sites in a ubiquitin
fluorescent-three-hybrid (ubiF3H) assay. The combination
of the three ubiquitin probes could reveal the ubiquitination
status of specific proteins in live cells. To enhance the signal-
to-noise ratio we implemented and validated a protein com-
plementation assay (PCA) that only generates a fluorescent
signal if the protein of interest (POI) is ubiquitinated. This
versatile tool set is suitable for high-throughput screens to
identify E3 ligases and ubiquitin proteases in essentially any
organism and to monitor changes over time and throughout
the cell cycle.

MATERIALS AND METHODS
Expression constructs

The coding sequence of the UBA domain of RAD23
(amino acids 158 to 212), the NZF domain of TAB2 (amino
acids 663-693) and the 2UIM domain of USP25 (amino
acids 97-140) was amplified using cDNA from mouse em-
bryonic stem cells (mESCs) E14. To generate the GFP-
2UBA and Ch-2UBA constructs, a duplicate UBA cod-
ing sequence was subcloned into both the pCAG-GFP-
IB and the pCAG-Ch-IB vector. The generation of ex-
pression constructs for Ch-USP7 (wt, full length), Ch-
USP7¢%*S | GFP-H3, GFP-PAF15, GFP-DNMT1, GFP-
DNMT3A and HA-Ub was described previously (28-30).
The human UHRFI1 cDNA was ligated into pcDNA3.1
vector with EcoRI and HindII. To generate the GFP-HP1«,
GFP-HP1B and GFP-HP1vy constructs, the HPla, HP1,
HP1B%I¢ and HP1y coding sequences were amplified us-
ing cDNA from mESCs and subcloned into pPCAG-GFP-1B
vectors.

The DNA sequence coding for full length of p21 and
Cyclin B1 was amplified from mouse cDNA by PCR us-
ing Phusion high-fidelity DNA Polymerase (New England
BioLabs) and cloned in frame into mCherry plasmid with
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AsiSI and Notl restriction endonucleases (New England Bi-
oLabs).

The mammalian expression constructs for RFP tagged
PCNA, human p53, pGBP-lacl and pGBP-Lamin B1 were
described previously (31-33). The GBP used in this study is
GBP1, also termed as ‘enhancer’ (34).

The 2UBA was subcloned to fuse with YN (1-154) by a
4 x GGSG linker. Protein coding sequences including H3,
PAF15, p53 and HP1B carrying AsiSI and Notl restriction
cutting sites were subcloned to fuse with YC (155-235) by a
4 x GGSG linker.

All constructs (Supplementary Table S1) were verified by
DNA sequencing.

Cell culture, transfection, inhibitor treatment and cell line
generation

HEK293T, baby hamster kidney (BHK) cells carrying lac
repressor/operator array (35), HeLa and mESCs were cul-
tured and transfected as described previously (29,36), with
the exception that Lipofectamine 3000 (Invitrogen) was
used for the transfection of mESCs. For the in vivo ubiqui-
tination assay, transfected HEK293T cells were incubated
with medium supplemented with 2 mM N-ethylmaleimide
(NEM) for 30 min before harvesting. For Nutlin-3 treat-
ment, before transfection Nutlin-3 was added into the
medium and incubated for ~16 hours. For cell cycle analy-
sis, mESCs were cultured in a medium containing 0.8 mM
mimosine (37,38) for 24 h. Synchronized cells were then
released into the cell cycle by adding fresh medium after
washing once with medium. At different time points, sam-
ples were harvested for both WB analysis and flow cytome-
try (Aria I1, Becton Dickinson). In brief, cells were washed
twice with phosphate buffered saline (PBS), fixed with 70%
ethanol for 15 min on ice and finally stained for 40 min
at 37°C in solution containing 50 wg/ml propidium iodide
(PI), 0.1 mg/ml RNase A, 0.05% Triton X-100. After wash-
ing once with PBS, the cell cycle profile was analyzed by flow
cytometry.

The human cervical carcinoma HeLa Kyoto cells (ATCC
No. CCL-2), HeLa Kyoto GFP-PCNA cells were grown
in DMEM medium supplemented with 10% FCS, L-
glutamine, and antibiotics at 37°C in a humidified atmo-
sphere of 5% CO2. HeLa Kyoto cell lines expressing fluo-
rescent PCNA variants were generated (39) using the Flp-In
site-specific recombination system. HeLa Kyoto Ch-NZF,
Ch-2UBA and Ch-2UIM cells were obtained by transfec-
tion with the plasmids bearing mCherry gene and NZF,
2UBA, 2UIM genes respectively. Positively transfected cells
were selected visually. Cells were seeded on the w-Dish35
mm (cat.no 81158, ibidi) in a concentration of 200.000 cells
per dish. Cells were incubated for 24 h after transfection as
described above.

Generation of cell lines stably expressing POIs was pre-
viously described (40). To generate YC-HPIB wt and YC-
HP1B9I€ BHK cells, 100 000 cells were plated in a 6-well
plate and transfected with 2 pg of plasmid with Lipo-
fectamine 3000 (Invitrogen) 2 h after plating. Cells were
trypsinized 48 h after transfection and 5000 cells were plated
in a p100 dish with a selection medium containing 10 pg/ml
of blasticidin. One week later, 5000 cells were plated in a
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new pl00 dish with 10 wg/ml of blasticidin and cultured
for another week. The HP1B antibodies (Abcam, ab10811)
recognize the C-terminus and hence not the HP13%IC, thus,
the sequences coding for YC were amplified from genomic
DNA using the primers listed in the Supplementary Table
S1 to characterize those cell lines.

To stably express YC-HP1B wt and YC-PAF15 in mESCs,
100 000 cells were plated in a 6-well plate and transfected
with 2 wg of plasmid with Lipofectamine 3000 (Invitrogen)
after cells attached to the culture dish. 48 h after transfec-
tion, cells were trypsinized and plated into a p100 dish at a
colony density with selection medium containing 10 pg/ml
of blasticidin. 8 days after selection, colonies were picked.
To characterize YC-HP18 wt and YC-PAF15 mESCs, west-
ern blot (WB) was performed with a polyclonal anti-HP13
and a monoclonal anti-PAF15 antibodies, respectively (see
details in Supplementary Table S1).

Identification of UHRF1 targets

SILAC labeling of mESCs was performed at 37°C in ESCs
medium supplemented with 100 wg/ml of light (L) or
heavy (H) arginine and lysine isotopes, for L: Arg0 and
Lys0 (L-arginine and L-lysine, Sigma-Aldrich), for H: Argl0
and Lys8 (arginine-13C6, 15N4 and lysine-13C6, 15N2,
Silantes). In addition to the specific lysine and arginine,
the completed ESC medium contained knockout DMEM
(Silantes), 10% dialyzed serum, 6% knockout serum re-
placement, 2 mM L-glutamine, 0. mM non-essential
amino acids, 50 pM 2-mercaptoethanol, 1000 units/ml
leukemia inhibitory factor LIF, 1 puM MEK inhibitor PD
and 3 pM GSK-3 inhibitor CHIR (2i, Axon Medchem).
To assess the SILAC labeling efficiency, cells were cultured
in SILAC medium for 10 passages and tested by MS. For
identification of the targets, mESCs were first transfected
with an expression vector for GFP-2UBA, the immuno-
precipitation assay was then conducted as described below
with minor modifications. Wt and Uhrfi-deficient cells were
lysed in buffer containing 150 mM NaCl, 10 mM Tris—HCI
(pH7.5), 2.5 mM MgCl,, 2 mM phenylmethylsulphonyl flu-
oride and 0.5% NP-40, 1x Protease Inhibitor (Serva) and 1
pg/ul DNAse on ice for 30 min and cleared by centrifu-
gation (20 000g for 15 min) at 4°C. Protein concentrations
of cleared cell lysates were measured using the PierceTM
660 nm protein assay kit. Equal amounts (~500 pg) of
cell extracts were combined and incubated with the GFP-
Trap for 2 h at 4°C under gentle rotation. The samples were
separated by SDS-PAGE and prepared for LC-MS/MS
as described (41). As a control, 500 pg of cell extracts
from Uhrfl-deficient mESCs (light) expressing GFP were
equally mixed with clear cell lysates from UhrfI-deficient
mESCs (heavy) expressing GFP-2UBA for immunoprecip-
itation with the GFP-Trap.

A standardized protocol was used for in-gel digestion
with minor modifications (42,43). The digested peptides
were evaporated to 5 wl and re-suspended in 30 wl of 0.1%
TFA solution prior to desalting by C18 Stage tips. Samples
were evaporated to dryness and re-suspended in 30 pl of
0.1% formic acid solution and stored at —20°C until LC-MS
analysis. For LC-MS/MS purposes, desalted peptides were
injected in an Ultimate 3000 RSLCnano system (Thermo),
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separated in a 15-cm analytical column (75 pm ID with
ReproSil-Pur C18-AQ 2.4 pm from Dr Maisch) with a 50
min gradient from 5 to 60% acetonitrile in 0.1% formic acid.
The effluent from the HPLC was directly electrosprayed
into a LTQ Orbitrap XL mass spectrometer (Thermo). The
MS instrument was operated in a data dependent mode to
automatically switch between full scan MS and MS/MS ac-
quisition. Survey full scan MS spectra (from n2/z 300-2000)
were acquired in the Orbitrap with a resolution of R = 60
000 at m/z 400 (after accumulation to a ‘target value’ of
500,000 in the linear ion trap). The six most intense peptide
ions with charge state between 2 and 4 were sequentially iso-
lated to a target value of 10 000 and fragmented in the lin-
ear ion trap by collision induced dissociation (CID). For all
measurements with the Orbitrap mass analyzer, three lock-
mass ions from ambient air (m/z = 371.10123, 445.12002,
519.13882) were used for internal calibration. Usual MS
conditions were: spray voltage, 1.5 kV; no sheath and auxil-
iary gas flow; heated capillary temperature, 200°C; normal-
ized collision energy 35% for CID in LTQ. The threshold for
ion selection was 10 000 counts for MS2. MaxQuant 1.2.2.5
was used to identify proteins and quantify with the follow-
ing parameters: Database, ipi. MOUSE.v3.68.fasta; MS tol,
10ppm; MS/MS tol, 0.5 Da; Peptide FDR, 0.1; Protein
FDR, 0.01 min. peptide length, 5; variable modifications,
oxidation (M); fixed modifications, carbamidomethyl (C);
peptides for protein quantitation, razor and unique; min.
peptides, 1; min. ratio count, 2.

Live-cell DNA damage assay

Live-cell DNA damage assay was carried out as previously
described (44). Imaging and microirradiation experiments
were performed using a Leica TCS SPSII confocal laser
scanning microscope (Leica Microsystems, Wetzlar, Ger-
many) equipped with an oil immersion Plan-Apochromat
x100/1.44 NA objective lens (pixel size in XY set to 76
nm) and laser lines at 405, 488, 561 and 633 nm. All imag-
ing was conducted in a closed live-cell microscopy chamber
(ACU, Olympus) at 37°C with 5% CO; and 60% humidity,
mounted on the Leica TCS SP5II microscope. The emis-
sion of GFP and mCherry was captured using the detec-
tion range 495-549 and 610-680, respectively. For standard
microirradiation, a preselected spot in non-S phase cells (1
pm diameter) within the nucleus was microirradiated for 0.6
s with the laser lines 405, 488, 561 nm laser set to 100%,
or for 1.5 s with the laser lines 488 and 561 nm laser set
to 100%. Before and after microirradiation, confocal image
series of one mid nucleus z-section were recorded in 15 s in-
tervals.

Photobleaching of mCh-NZF, mCh-2UBA or mCh-
2UIM at previously microirradiated spots was performed
using a circular region of interest (1 wm diameter) for 1 s
with a 561 nm laser set to 100%. Before and after microirra-
diation and photobleaching, a confocal image series of one
mid-nuclear z-section was recorded in 15 s intervals.

All analysis steps for the confocal microscopy images
from microirradiation experiments were performed using
Imagel (45,46). Images were first corrected for cell move-
ment and subsequently mean intensity of the irradiated re-
gion was divided by the mean intensity of the whole nu-
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cleus (both corrected for background) using ImageJ soft-
ware. For each experimental condition at least 25 cells were
used. Half-times for ubiquitin probes accumulation were
calculated from the time of microirradiation till maximal
accumulation with one phase association (single exponen-
tial function: Y = Y0 + (Plateau — Y0) x (1 —e(-K x X).

FRAP data were normalized by pre bleach fluorescence
intensity. All fits were performed on averaged normalized
FRAP curves and the resulting fit parameters are reported
as the mean + SEM for two or three independent exper-
iments. Curve fitting was done to double the exponential
equation.

Fluorescence loss in photobleaching (FLIP)

Fluorescence loss in photobleaching (FLIP) experi-
ments were conducted using a Nikon TiE microscope
equipped with a Yokogawa CSU-WI1 spinning-disk
confocal unit (50 pm pinhole size), an Andor Borealis
illumination unit, Andor ALC600 laser beam combiner
(405nm/488 nm/561 nm/640 nm), Andor IXON 888 Ultra
EMCCD camera, Andor FRAPPA photobleaching mod-
ule, and a Nikon 100x/1.45 NA oil immersion objective.
The microscope was controlled by software from Nikon
(NIS Elements, ver. 5.02.00). Cells were transfected for 24
hours, plated on bottom 2-well imaging slides (Ibidi) and
maintained at 37°C with 5% CO2 using an environmental
chamber (Oko Labs). Pre-bleach images were acquired
with the 488 nm and 561 nm laser using 500 ms exposure
time with a final pixel size of 130 nm. For each cell, an
area of 66 x 151 pixels covering half of the nucleus was
bleached with a 561 nm laser which was moved with a dwell
time of of 50 ws over the bleaching area and images were
acquired every 1.51 s. For analysis, the intensity of the spot
and the nucleus were manually measured in Fiji for each
timepoint and the background was subtracted from the
obtained values. Visible spot intensities were normalized
by subtracting the respective nucleus intensity and dividing
by pre-bleach intensity of the spot. For mCherry controls,
the measured mCherry intensities at the visible GFP spots
were divided by pre-bleach intensity of the spot. Images of
cells with visible drift were discarded.

Intensity measurement of cellular GFP-HP1 after cyclo-
heximide treatment

We previously generated GFP-HPIB knocked in mESCs
(47). We seeded 2 x 10* cells or 2 x 10° cells into 96-
well or on the coverslip in a 6-well plate and transfected
2 pg of mCherry or Ch-2UBA with Lipofectamine 3000
after the cells attached to the culture surface. 16 h after
transfection, 100 wg/ml of cycloheximide (CHX) (Sigma,
#66819) were supplemented into the culture medium. 3 h af-
ter CHX treatment, cells were fixed and permeabilized with
PBS containing 0.5% Triton X-100 for Smin at RT. Then,
cells were incubated in a solution of DAPI (4°,6-diamidino-
2-phenylindole, 400 ng/ml in PBS) for 10 min at RT. After
washing three times with PBST (PBS with 0.02% Tween),
cells on coverslips were mounted with Vectashield antifade
mounting medium (Vector Laboratories) and sealed with
clear fingernail polish on glass slides. Cells in 96-well plates
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with 100 w1 of PBS were ready for image collection with an
Operetta high-content imaging system.

For data analysis, the GFP-HP1 intensities in mCherry
positive cells (stronger than 70 a.u.) were normalized to
the mean GFP intensities of cells at the 0 h of CHX treat-
ment. The normalized GFP-HP1p intensities were plotted
with a web-tool for generation of box plots (http://shiny.
chemgrid.org/boxplotr/). Unpaired -test analyses were per-
formed and P-values are indicated in the Figures.

ubiF3H and ubiF3Hc assays

The ubiF3H and ubiF3Hc assays were performed as de-
scribed previously (32). In brief, mESC or BHK cells con-
taining multiple lac operator repeats were transiently trans-
fected on coverslips or 96-plates. The cell preparation for
imaging were described as above.

The ubiF3H assays (Figure 2B and C) were done on cov-
erslips in a six-well plate with 2 x 10° cells. The GFP fu-
sion, GBP-lacl and Ch-2UBA plasmids were transiently
co-expressed in a ratio of 1:1:2 (in total 2.5 pg of DNA).
Cell images were collected using a Nikon TiE microscope
equipped with a Yokogawa CSU-WI1 spinning-disk con-
focal unit (50 wm pinhole size), an Andor Borealis il-
lumination unit, Andor ALC600 laser beam combiner
(405 nm/488 nm/561 nm/640 nm), Andor IXON 888 Ultra
EMCCD camera and a Nikon 100x/1.45 NA oil immer-
sion objective or a Leica TCS SP5 confocal microscope
equipped with Plan Apo 63x /1.4 NA oil immersion objec-
tive and lasers with excitation lines 405, 488, 594 and 633 nm
for representative images, or with an Operetta high-content
imaging system for quantification. For Figure 2D, 2 x 10°
of Uhrfl down BHK cells were seeded on coverslips and
transiently co-transfected the components of the ubiF3H
with 5 nM of siRNA against Uhrf1. 16 h after transfection,
cells were fixed and sample slides prepared. Images were ac-
quired automatically with an Operetta high-content imag-
ing system.

For data analysis of Figure 2B, GFP and mCherry in-
tensities at /acO spots were manually measured by Image]
and the ratios were calculated for each cell: (mCherryspo
- mCherrYbackground)/(GFPSpot — GFPpackground) in order to
account for different expression levels. The intensities of
mCherry and GFP surrounding the spots were measured
as the intensities of background. For data analyses of Fig-
ure 2D and F, cell images were analyzed with the Harmony
analysis software (PerkinElmer). The cells with mCherry in-
tensities less than 100 a.u. for Figure 2D and more than 500
a.u. for Figure 2F were filtered out. The mCherry intensi-
ties at lacO spots were normalized to the mean intensities of
p53-GFP at lacO spots and plotted with a web-tool for gen-
eration of box plots (http://shiny.chemgrid.org/boxplotr/).

To test the ubiF3Hc assay (Figure 5B, C, D and 7A), all
assay components including two half of YFP fusions, GBP-
lacl or GBP-Lamin were transiently co-expressed in a ratio
of 1:1:1:1. To improve the ubiF3Hc system, the YC fusions
were stably expressed in BHK or mESCs. Then, other com-
ponents including 2UBA-YN, GBP-lacl/GBP-Lamin and
mCherry were transiently co-expressed in a ratio of 1:1:1
(Figure 4C, D, 6B, C and 7D). Cell images were collected
using a Leica TCS SP5 confocal microscope or with an Op-
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eretta high-content imaging system for quantification or a
Nikon TiE microscope.

High-throughput microscopy and image analysis

The high-throughput microscopy was conducted as previ-
ously with minor differences (32). Simply, For Figure 7A,
2 x 10* BHK cells plated onto 96-well plates (Greiner Bio-
One) were transiently transfected with the plasmids coding
for YC-p53, 2UBA-YN, GBP-lacl and mCherry in a ra-
tio of 1:1:1:1 (in total, 150 ng of DNA). Before transfec-
tion, the medium was supplemented with 10 wM of Nutlin-
3 or DMSO (control). After 16 hours, cells were fixed with
3% formaldehyde and DNA counterstained with DAPI. Af-
ter cell fixation, images were acquired automatically with
an Operetta high-content imaging system at the wide-field
mode using a 40x air objective (PerkinElmer). DAPI, YFP
and mCherry fluorescent fusion proteins were excited, and
the emissions were recorded with standard filter sets.

The images were then analyzed with the Harmony anal-
ysis software (PerkinElmer). Briefly, images were first seg-
mented by intensity and area size according to the DAPI
fluorescence using the top-hat method to define the cell nu-
cleus area. The cell population with mCherry signals was
considered as transfected cells and chosen for analysis. Then
the lacO foci were recognized by their intensity in the YFP
channel within the nuclear area of cells with mCherry sig-
nals. In these cells, the mean intensities of the YFP channel
at the lacO were recorded, and the ratio of YFP mean inten-
sity at the lacO spot to the mean intensity mCherry of the
whole nucleus (YFPgpo./mCherrynucieus) were calculated in
order to account for different expression levels.

For Figure 4C and D, 2 x 10* BHK cells stably expressing
YC-HP1B wt and YC-HP1B%IC were plated into both 96-
well and 6-well plates. 2 h after plating, different combina-
tions of assay elements were transiently transfected. The cell
preparation, image acquisition and analyses are described
as above.

For screening inhibitors (Figure 7C and D), different
small compounds (see details in Supplementary Table S1)
were prepared in a 96-well plate with the inhibitor concen-
tration of 1 mM in DMSO. 2 x 10* BHK cells stably ex-
pressing YC-HP1B wt were plated into 96-well plates. After
the cells attached to the surface, 2UBA-YN, GBP-lacl and
mCherry plasmids were transfected in a ratio of 1:1:1 (in
total, 150 ng of DNA). 1 hour after transfection, the com-
pounds were added to the medium. 16 h after transfection,
cells were fixed and stained with DAPI. Image acquisition
and analyses are described as above.

The images from Supplementary Figure S13D were first
segmented by intensity and area size according to the DAPI
fluorescence using the top-hat method to define the cell nu-
cleus area. The cell population with mCherry signals was
considered as transfected cells and chosen for analysis. Then
the MaSat foci were recognized by their intensity in the 488
nm channel within the nuclear area of cells with mCherry
signals. In these cells, the mean intensities of the 488 nm
channel at the MaSat sites and nucleus were recorded, and
the YFP intensities at MaSat sites were calculated with Eq.
(YFPUb = YFPMasar — YFPnucleus)'

All experiments above were repeated at least two times.
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Monitoring the ubiquitination of HP13 along the cell cycle

mESCs stably expressing YC-HPI1B were seeded in 2-
well pslides (ibidi GmbH) coated with geltrex (Gibco,
A1569601) and were transfected with plasmids coding for
2UBA-YN, GBP-Lamin and RFP-PCNA in a ratio of
2:2:1. 16 h after transfection cells were imaged with a spin-
ning disc confocal microscope (Eclipse Ti, Nikon) equipped
for live cell culture (with heating and humidified CO2 sup-
ply) as described above. YFP and RFP were excited with
488 nm and 561 nm lasers, respectively, and cells were im-
aged every 30 min.

For image analysis, the nuclear envelope (for YFP quan-
tification) was segmented manually and the fluorescence in-
tensities measured with ImageJ. The mean gray values were
subtracted from the background. RFP-PCNA indicated the
progression of the cell cycle and was used to align different
cells for quantification. The mean gray values in the seg-
mented area of cells at each time point were plotted.

Co-immunoprecipitation (Co-1P)

GFP and RFP-fusion pulldowns using the GFP- and RFP-
Trap (ChromoTek) were performed as described (33). For
detection of ubiquitinated proteins by immunoprecipita-
tion, cells were lysed in buffer containing 150 mM KCI, 50
mM Tris—HCI (pH 7.4), 5 mM MgCl,, 1% Triton X-100,
5% glycerol, 2 mM phenylmethylsulphonyl fluoride and 2
mM 2-mercaptoethanol and 5 mM NEM. After brief soni-
cation, cell lysates were cleared by centrifugation at 4°C for
10 min. Supernatants were incubated with the GFP-Trap
beads for 2 h at 4°C under gentle rotation. The beads were
then washed three times with lysis buffer and resuspended
in SDS-PAGE sample buffer. The anti-HA mouse mono-
clonal antibody 12CAS was used for detection of ubiquiti-
nated proteins.

In vitro ubiquitination assay

The in vitro ubiquitination assay was performed as previ-
ously described with minor modifications (48). His-tagged
human UHRFI1 was purified using Ni-NTA sepharose
resin (Qiagen). Recombinant E1 (His-UBE1), E2 (GST-
UbcHSb) and HA-Ub were purchased (Boston Biochem).
GFP-HP1 from transfected HEK293T cells was immuno-
precipitated with the GFP-Trap and incubated at 37°C for
60 min with the complete ubiquitin reaction system con-
sisting of reaction buffer (25 mM Tris—HCI pH 7.6, 5 mM
MgCl,, 100 mM NaCl, 1 puM DTT, 2 mM ATP), 200 ng
of E1, 200 ng of E2, 500 ng of UHRF1 and 3 pg of HA-
Ub. After washing with a wash buffer (20 mM Tris—HCI
pH 7.6, 150 mM NaCl and 0.5 mM EDTA), ubiquitina-
tion of HP1B was detected using an anti-Ubiquitin anti-
body (Santa Cruz Biotechnology).

In vivo ubiquitination assay

For detection of ubiquitinated HP1 proteins by immuno-
precipitation, HEK293T cells transiently co-transfected
with GFP tagged HP1 proteins with HA tagged ubiqui-
tin (HA-Ub) were lysed in buffer containing 150 mM KClI,
50 mM Tris—HCI (pH7.4), SmM MgCl12, 1% Triton X-100,
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5% glycerol, 2 mM phenylmethylsulfonyl fluoride and 2
mM mercaptoethanol, 0.5 U/ul of benzonase and 5 mM
N-Ethylmaleimide (NEM). After 30 min incubation, cell
lysates were cleared by centrifugation at 4°C for 10 min.
GFP-HP1p signals in supernatants were measured using a
TECAN Infinite M 1000 system. Then, supernatants having
equal amounts of GFP-HP1B were incubated with GFP-
trap beads for 2 h at 4°C with gentle rotation. The beads
were then washed three times with lysis buffer and resus-
pended in SDS PAGE sample buffer. The anti-HA mouse
monoclonal 12CAS5 antibody was used for detection of
ubiquitinated proteins.

For 5-aza-dC (Sigma, A3656) treatment, 1 h after trans-
fection, 12 pM of 5-aza-dC was added into the culture
medium and incubated overnight. Detection of ubiquiti-
nated HP1B by immunoprecipitation was performed as de-
scribed above. A polyclonal HP1B antibody was used for
detection of GFP-HPI1B.

To compare the ubiquitination levels of p53-GFP upon
the Nutlin-3 treatment, the intensities of ubiquitinated p53-
GFP (band: ~80 kD) in HA blots and p53-GFP in pon-
ceau staining blots were measured by Imagel. The ratios
were calculated for each condition: (Intensities,ss.grp-ub
— background)/(Intensitisps3.gep -background) in order to
account for different loading levels. The intensities of ubig-
uitinated p53-GFP and p53-GFP surrounding the bands
were measured as the intensities of background.

Western blots

Following separation on SDS-PAGE, samples were trans-
ferred onto a nitrocellulose membrane and incubated with
antibodies. Blots were developed with the Pierce ECL west-
ern blotting substrate (Thermo Scientific) and scanned by
the Amersham™ Imager 600 system.

All antibodies used are listed in Supplementary Table S1.

siRNA knockdown, RNA Isolation and quantitative RT-PCR

100,000 BHK cells were plated into a 6-well plate and trans-
fected with 5 nM of siRNA pool (siTOOL) against Uhrf]
or Usp7 by Lipofectamine 3000 (Invitrogen). After 24 or 48
hours, cells were harvested for RINA isolation or kept for
further assays.

Total RNA was isolated from wt and UhrfI- or Usp7-
knockdown BHK cells using the nucleospin triprep kit from
Macherey-Nagel. 500 ng of total RNA was reverse tran-
scribed with a high-capacity cDNA reverse transcription kit
(Applied Biosystems) according to the manufacturer’s in-
structions. Real-time PCR was conducted using LightCy-
cler@®) 480 SYBR Green I Master (Roche) on a LightCy-
cler®) 480 System (Roche). PCR efficiency and primer pair
specificity were examined using a standard curve of serially
diluted cDNA and melting curve, respectively. After nor-
malizing to the transcript level of Usp7 or Uhrfl, data was
analyzed based on the 222t method.

RESULTS
Generation of a genetically encoded ubiquitin probe

Studies of protein ubiquitination mostly rely on biochemi-
cal endpoint assays using immunoprecipitation, WB anal-
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yses and mass spectrometry. To investigate protein ubiq-
uitination in live cells we generated a genetically encoded
fluorescent probe based on a naturally occurring ubiq-
uitin binding domain. RAD23 is a DNA repair protein
that interacts with the proteasome and shows ubiqui-
tin linkage independent binding for K48- and K63-linked
polyubiquitin chains (21,49,50). We fused two ubiquitin-
binding domains from RAD23 in tandem with GFP (GFP-
2UBA) (Figure 1A and Supplementary Figure S1A). To
test the binding and precipitation efficiency, we tran-
siently expressed HA-tagged ubiquitin (HA-Ub) together
with GFP-2UBA in HEK293T cells and analyzed the co-
precipitated ubiquitinated proteins with an HA antibody.
Compared with the GFP control, GFP-2UBA was effi-
cient in the specific precipitation of ubiquitinated proteins
(Figure 1B).

The RING E3 ubiquitin ligase UHRF1 (also known as
Np95 or ICBP90) controls DNA methylation by recruit-
ing the maintenance DNA methyltransferase DNMT]1 to
hemimethylated DNA substrates (30,51-53). To screen for
UHRF1 dependent ubiquitination targets, we combined
this GFP-2UBA pull down approach with quantitative
mass spectrometry analysis by comparing wild-type (wt)
and Uhrfil-deficient mESCs (Figure 1C). Briefly, wt and
Uhrfl-deficient mESCs transfected with a GFP-2UBA ex-
pression construct were grown in ‘light’ or ‘heavy’ SILAC
medium. Equal amounts of nuclear extracts from ‘light” and
‘heavy’ mESCs were mixed and incubated with the GFP-
Trap. Following incubation and washing steps, bound pro-
teins were separated and analyzed by liquid chromatogra-
phy tandem mass spectrometry (LC-MS/MS). Analysis of
heavy to light ratios identified proteins that are less ubiquiti-
nated in Uhrfl-deficient cells (Figure 1D), suggesting likely
candidates for ubiquitination. In our further analysis, we
focused on the heterochromatin proteins HP13 and HP1vy
as they represent potential new links of UHRF1 and epige-
netic regulation.

Visualizing the ubiquitination of specific proteins in live cells

To monitor the ubiquitination of selected POIs we com-
bined the recombinant ubiquitin probe with our previ-
ously developed F3H assay (32) to develop a ubiquitin
fluorescent-three-hybrid (ubiF3H) assay. In this assay, GFP
fusion proteins are anchored at a defined subcellular struc-
ture like, e.g. the nuclear envelope or a lac operator (lacO)
array inserted in the genome by GFP binding proteins
(GBP) and visible as a spot of enriched GFP fluorescence
in the nucleus. The ubiquitination of GFP fusion proteins
was detected with a mCherry-tagged tandem UBA fusion
protein that accumulates at the /acO spot if the immobi-
lized GFP fusion proteins are ubiquitinated. The ubiqui-
tin probe can detect ubiquitination changes of POI that are
regulated by E3 ligases and deubiquitinases (DUBs) (Figure
2A). We selected the tandem Ch-2UBA fusion as it showed
better binding to the test substrate (GFP-Ub) than the sim-
pler Ch-UBA (Supplementary Figure S1B and C). Based
on the mass spectrometry results (Figure 1D), we focused
on the ubiquitination of HP1 proteins. While GFP-HP13
and GFP-HP1y showed accumulation of Ch-2UBA at the
lacO spot, no ubiquitination was detected for GFP-HPla
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Figure 1. A ubiquitin binding domain co-precipitates with ubiquitin and detects ubiquitination in living cells. (A) Structure and schematic representation
of the UBA fluorescent fusion protein as well as the sequence of the UBA domain used to purify ubiquitinated proteins. The structure of the UBA
domain (yellow) bound to ubiquitin (cyan) is based on PDB ID code 1WRI1. Residue Ile44 at the binding interface of ubiquitin is highlighted in red. (B)
Immunoprecipitations with the GFP-Trap from HEK293T cells expressing HA-Ub and GFP-2UBA were probed with an anti-HA antibody to detect
coprecipitated ubiquitinated proteins. I and B denote input and bound fractions, respectively. (C) Workflow for identification of UHRF1 ubiquitination
targets by SILAC-MS. In this experiment, wt and Uhrf1-deficient mESCs were labeled with ‘light” and ‘heavy’ SILAC medium, respectively. Equal amounts
of nuclear extracts from ‘light” and ‘*heavy’ mESCs expressing GFP-2UBA were mixed for immunoprecipitation. Ubiquitinated proteins were purified with
the GFP-Trap and analyzed by LC-MS/MS. (D) Scatter plot from heavy/light ratios of all proteins quantified in the samples indicated. HP18 and HP1vy

are highlighted as potential candidates.

(Figure 2B and C). The results are in agreement with
immunoprecipitation and WB analyses showing that, in
contrast to GFP-HPly and RFP-HPla, GFP-HPIB is
strongly ubiquitinated (Supplementary Figure S2A).

To investigate the binding dynamics of Ch-2UBA in live
cells, we performed fluorescence loss in photobleaching
(FLIP). We found that the binding of Ch-2UBA to ubiqui-
tinated HP1p is very transient (Supplementary Figure S3).
Further, we transiently expressed mCherry or Ch-2UBA in
GFP-HPI1B knocked in mESCs. We measured the GFP-
HP1 intensities in mCherry or Ch-2UBA positive cells and
found reductions in both cells after cycloheximide (CHX)
treatment (Supplementary Figure S4). Thus, the transient
binding of the ubiquitin probes enables monitoring protein
ubiquitination in live cells without interference with biolog-
ical function.

To identify potential ubiquitination sites, we aligned
the three HP1 protein sequences and found three lysine
residues at the C-terminus of HP1B not present in HP1vy
and HP1a (Supplementary Figure S2B). Interestingly, these
three lysine residues are also part of the recognition se-
quence KxxxK of the ubiquitin protease USP7 (Supple-
mentary Figure S11A) (54,55). The deletion of the last
six amino acids including this KxxxK sequence (GFP-

HP1B%IC) caused a clear reduction in HP1@ ubiquitination
(Supplementary Figure S2C).

Identification of E3 ligases that ubiquitinate proteins of inter-
est

To identify E3 ligases responsible for the ubiquitination
of specific proteins we combined our live cell assay with
genetic depletion or ectopic expression approaches. We
focused on the ubiquitination of HPIB and investigated
whether UHRF1 is the E3 ligase, as indicated by the MS
screen (Figure 1D). We first performed in vitro ubiquitina-
tion assays, in which we immobilized GFP-HP1B on GFP-
Trap beads and incubated with recombinant ubiquitin-
activating enzyme (E1), ubiquitin-conjugating enzyme (E2),
HA-UD and increasing amounts of His-UHRF1. WB anal-
ysis showed clear ubiquitination of GFP-HP1@ with in-
creasing amounts of His-UHRF1 (Supplementary Figure
S5A), demonstrating that UHRFT1 acts as a ubiquitin E3
ligase for the modification of HP1B3. We then performed
ubiF3H assays in Uhrfl-knockdown cells and found a clear
reduction of Ch-2UBA at the GFP-HP1 spot (Figure 2B,
C, D and Supplementary Figure S5B), similar to DNMT],
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Figure 2. Visualization of the ubiquitination of specific proteins. (A) Schematic representation of the ubiF3H assay to monitor specific protein ubiquiti-
nation in live cells. GBP is fused with lacl that accumulates at a /lac operator (lacO) array within the cell. This complex recruits to that particular spot
GFP-tagged proteins of interest (GFP-POI). Ubiquitinated GFP-POI can be detected by the Ch-2UBA and visualized using fluorescent microscopy. (B)
Ubiquitination of all three HP1 proteins was assayed by ubiF3H assays in BHK wt and compared with Uhrfi-knockdown cells (see Supplementary Figure
S5B). The GFP-HP1 fusion proteins were transiently co-expressed with Ch-2UBA and GBP-lacl in BHK cells. The Ch-2UBA accumulation at /acO spots
reflects ubiquitination of GFP fusion proteins highlighted with filled arrowheads and not detectable ubiquitination is indicated with open arrowheads.
Scale bars: 5 pm. (C, D) Boxplots for the quantifications of (B). The ubiquitination of HP1 proteins in C and HP1 ubiquitination when Uhrfl is knocked
down in D. Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the
interquartile range from the 25th and 75th percentiles, outliers are represented by dots. Two negative outliers are not depicted in the graph. The number
of cells analyzed is indicated in the Figure. Data sets were tested for significance using a pairwise Wilcoxon rank-sum test with Bonferroni correction
for C and an unpaired t-test for D. The p-values are indicated. (E) Representative images showing the disruption of HDM2 mediated ubiquitination of
p53-GFP by Nutlin-3 at 0 (DMSO, control), 2, 10 and 40 wM. Line scans along lacO spots (red dot lines in the DAPI channel) are shown on the side.
Scale bar: 5 wm. Schematic representation of the disruption of p53-GFP and HDM2 interaction by Nutlin-3 is shown above. (F) Box plot representations
of the ubiquitination of p53-GFP in the presence of different amounts of Nutlin-3. Center lines show the medians; box limits indicate the 25th and 75th
percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; outliers are represented by
dots. The number of cells analyzed is indicated in the Figure. Data sets were tested for significance with an unpaired t-test and p-values are indicated.
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H3 and PAF15 (Supplementary Figure S5C), the known
ubiquitin substrates of UHRF1 (29,30,52,56-58).

As an additional example, we chose the tumour suppres-
sor p53, one of the most studied proteins in cancer re-
search. The ubiquitin E3 ligase HDM?2 ubiquitinates p53
and thereby targets it for degradation (59). The cancer drug
Nutlin-3 had been developed as a specific inhibitor to dis-
rupt the p5S3-HDM2 interaction (60), and thereby prevent
p53 ubiquitination (Figure 2E). With our Ch-2UBA probe,
we clearly detected ubiquitination at the p53-GFP spot in
control cells (DMSO) (Figure 2E). The accumulation of Ch-
2UBA at lacO spots, however, significantly decreased in the
presence of more than 10 wM Nutlin-3 indicating reduced
ubiquitination of p53 (Figure 2E and F). Consistently, we
detected reductions of p53-GFP ubiquitination upon the
treatment of Nutlin-3 by in vivo ubiquitination assay (Sup-
plementary Figure S6). These results show that our assay is
well suited to identify E3 ligases responsible for the ubiq-
uitination of specific proteins and to directly screen for in-
hibitors in live cells.

Probes discriminating K48 and K63 ubiquitin linkages

To distinguish the most abundant K48 and K63 ubiquitin
linkages (Figure 3A), we fused ubiquitin interacting motifs
(2UIM) from USP25 (61) and the NZF from TAK1 binding
protein 2 (TAB2) (24,62) with mCherry to generate specific
ubiquitin probes (Ch-2UIM and Ch-NZF) (Supplementary
Figure S7A). The 2UIM specifically recognizes K48 ubig-
uitin linkage via binding the proximal ubiquitin with UIM2
and to the distal one with UIM1 (63), while the NZF binds
the Ile44 patch of both proximal and distal ubiquitin to
specifically recognize the K63 ubiquitin linkage (62) (Fig-
ure 3B, Supplementary Figure S7A).

We used these ubiquitin probes to analyze the ubiquiti-
nation of PAF15 (mono-Ub) (57,58), DNMT3A (K63-Ub)
(64), p21 (K48- and K63-Ub) (65,66), Cyclin B1 (K11-Ub)
(67), p53 (K48-Ub) (68) and H2A (mono- and K63-Ub)
(69,70) (Figure 3C, Supplementary Figure S7B and 8). The
binding preferences detected with Ch-2UIM and Ch-NZF
are summarized in Figure 3C and are consistent with the
mostly biochemistry-based analyses cited above. These re-
sults show that the two recombinant probes, Ch-2UIM and
Ch-NZF, specifically detect K48- and K63-linked ubiquitin
chains, respectively, while Ch-2UBA (Supplementary Fig-
ure S7A) shows a linkage independent binding.

Detecting protein ubiquitination in live cells with recombinant
ubiquitin probes

To test the ability of ubiquitin probes to detect ubiqui-
tination in live cells, we chose DNA damage sites which
feature high levels of protein ubiquitination. We locally
induced DNA damage in cultured cells stably express-
ing GFP-tagged proliferating cell nuclear antigen (GFP-
PCNA) and ectopically expressing mCherry tagged ubiqui-
tin probes. Repair at DNA damage sites has been shown to
involve PCNA, and to elicit ubiquitination and proteasome-
mediated degradation (71-73). To locally induce DNA
damage, we irradiated a spot in the nucleus with a focused
405 nm laser. Using live-cell imaging, we monitored GFP-
PCNA accumulation as a readout of DNA damage and

Nucleic Acids Research, 2022, Vol. 50, No. 21 el25

repair. Accumulation of mCherry tagged ubiquitin probes
at the spot of GFP-PCNA accumulation shows that our
probes can detect ubiquitination in response to DNA dam-
age (Figure 3D, E). By combining these three recombinant
probes, we further ascertained the ubiquitination dynamics
during DNA repair. We found that Ch-2UIM (K48) showed
the fastest association with DNA damage sites (time of
50% recruitment (t;2): ~17 sec) versus Ch-2UBA (K48 and
K63, t1/»: ~24s) and Ch-NZF (K63, t5: ~30s) (Figure 3F
and G). In line with previous studies (74-78), we found that
K48-linked polyubiquitination mediates protein degrada-
tion and nucleosome eviction at DNA damage sites and fa-
cilitates following K63-linked ubiquitination mediated sig-
naling repair pathways. Interestingly, Ch-2UBA and Ch-
NZF exhibited stable association with damage sites over
one hour, whereas Ch-2UIM dissociated from DNA dam-
age sites after 10 min and its retention time was more vari-
able between cells than of the other two probes (Figure
3F and G). Our observation that the stability of Ch-2UIM
binding to the damaged spot was lower indicating its rapid
turnover (Figure 3F and G), suggests that the K48 chain
formation is short-lived, and less uniform compared to K63
(76,79) during DNA damage response.

Enhancing the detection of protein ubiquitination by fluores-
cence complementation

To further enhance the signal-to-noise ratio and to ob-
tain a single-color readout, we combined this ubiF3H spot
assay with a previously described split-YFP (9,80) to de-
velop a ubiquitin fluorescence-three-hybrid complementa-
tion (ubiF3Hc) assay (Figure 4A). Briefly, the POI was
tagged with the C-terminal half of YFP, whereas 2UBA was
tagged with the N-terminal half of YFP. An interaction be-
tween POI and 2UBA leading to complementation of both
YFP halves yields a functional fluorescent YFP protein, de-
tectable by fluorescence microscopy. YFP shares a high sim-
ilarity with GFP (Supplementary Figure S9A) and is also
recognized by the GFP binding nanobody GBP (33). The
crystal structure of the GFP-GBP complex shows that the
interface extends over both halves of the split YFP and the
GBP binds amino acids of the N- and the C-terminal half of
the split YFP (34) to enhance YFP fluorescence (Figure 4B
and Supplementary Figure S9B). We visualized the ubiq-
uitination of PAF15 in local cellular sites (Supplementary
Figure S9C and D). As most ubiquitinated proteins are not
abundant, the reconstituted YFP proteins are captured at
the lacO spot using GBPs to improve the signal-to-noise ra-
tio (Figure 4A). Using the ubiF3Hc assay we confirmed the
ubiquitination of HP1B (Figure 4C). To test the potential
usage of ubiF3Hc assay in mapping ubiquitination sites, we
stably expressed YC-HP1B wt and YC-HP18%IC in BHK
cells (Supplementary Figure S10). By transiently express-
ing the other components, we found significant reduction
of HP1pB ubiquitination with the HP1B%!“ mutant (Figure
4C and D) that is in consistency with our biochemical data
(Supplementary Figure S2C). Comparison of the ubiF3H
assay in Figure 2B shows that the signal-to-noise ratios are
much higher in ubiF3Hc than ubiF3H.

We next investigated whether USP7 is the DUB for
the deubiquitination of HP1B, as its recognition sequence
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Figure 3. Discriminating K48 and K63 ubiquitin linkages in live cells. (A) The structure of ubiquitin (cyan, PDB ID code 1UBQ) and its seven lysine
residues for the linkage formation. All seven lysine residues (K6, K11, K27, K29, K33, K48, and K63) and the N-terminal amino group (M1) residing
on different sides of the molecule are labeled. (B) Schematic representation of K48 and K63 ubiquitin linkages recognized by UBA, 2UIM and NZF (see
details in Supplementary Figure S7A). (C) Summary of the binding preference based on ubiquitination detections of GFP tagged PAF15, DNMT3A,
p21, Cyclin B1, p53 and H2A using different ubiquitin probes. Representative images are shown in Supplementary Figure S7B. The binding preference
of ubiquitin probes is summarized according to the quantifications shown in Supplementary Figure S8. (D) Schematic representation of ubiquitin probes
used to monitor protein ubiquitination in live cells at DNA damage sites. (E) Representative images corresponding to the time points indicated in (D)
with black arrowheads. DNA damage was locally induced by microirradiation (black dotted circle) and zoomed images are shown. The Ch-2UIM image
was processed for better representation of the signal: raw image was multiplied by itself, then processed with ROF denoise filter (theta 100) and Gaussian
filter (sigma 1.5). (F) Ubiquitin probes recruitment curves displayed as mean + SEM for two or three independent experiments after DNA damage. For
each experimental condition at least 25 cells were used. The dotted region is shown as a magnified insert to better illustrate the recruitments of ubiquitin
probes within 200 seconds after DNA damage. (G) Times of 50% recruitment of ubiquitin probes at DNA damage sites represented as boxplots. Middle
line depicts the median value among the cell population.
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Figure 4. Visualization of the ubiquitination of specific proteins by ubiF3Hc. (A) Schematic representation of a fluorescent protein complementation assay
using split YFP fusions, to probe interactions between POls, fused to the C-terminal half of YFP (YC), and 2UBA, fused to the N-terminal half of YFP
(YN). The reconstituted YFP was trapped at the /lacO array or nuclear membrane by GBP-lacl and GBP-Lamin B1 fusion proteins, respectively. (B) The
active reconstituted GFP with GBP protein (PDB ID code 3K 1K) is shown and the major amino acids in the binding surface from GFP are highlighted.
The GBP protein is labeled in gray. (C) Representative images of HP18 wt and HP1B9°IC ubiquitination with the ubiF3Hc assay in BHK cells. YC-HP1B
wt or YC-HP1B%IC was stably expressed in BHK cells and other components of the ubiF3Hc assay were transiently expressed. The expression of mCherry
was used to identify transfected cells. A nanobody fused to the N-terminal half of YFP (YN-N1) and different combinations of those elements were used
as negative controls named C1, C2 and C3. The YFP spots were highlighted with white arrows and their zoomed in images show on the sides. Scale bar:
5 wm. (D) Box plot representations of intensity ratios of YFP and mCherry intensities at /acO spots. Center lines show the medians; box limits indicate
the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; outliers
are represented by dots. The numbers of cells analyzed are indicated in the plot. There are no spots (YFP, ubiquitinated HP1BdelC) identified and thus no
box is shown for HP1BdelC. Data sets were tested for significance with an unpaired z-test and P-values are indicated.

KxxxK (54,55) is found in HP1B (Supplementary Figure Monitoring protein ubiquitination along the cell cycle
S11A). We observed a significant increase of HP1B ubiqui-
tination in Usp7-knockdown cells (Supplementary Figure
S11B-D) similar to the positive control H3 (81). Consis-
tently, biochemical analyses showed that GFP-HP1B polyu-
biquitination was reduced to undetectable levels by co-
expression of Ch-USP7, but not the catalytically inactive
point mutant Ch-USP7¢?**S (Supplementary Figure S11E).

The ubiF3Hc approach not only improves the signal-to-
noise ratio but also frees one color channel for additional
readouts to investigate correlations with other cellular pro-
cesses like, e.g. cell cycle progression by co-expression of
RFP-PCNA as S phase marker (82). While the lacO array
serves as an efficient anchor point for F3H assays and yields
easy to analyze spot signals, it also limits the usage to cells
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genetically engineered to carry this array. In this regard, be-
sides this lacO, also other cellular structures like the nu-
clear envelope, actin filaments or centrosomes may be used
as anchor points for the F3H assays, which allows an easy
transfer to other subcellular environments, cell systems and
species (32) (Figure 4A).

Thus, we applied the ubiF3Hc assay in mESCs using the
nuclear envelope as an anchor point to investigate the ubig-
uitination of PAF15 and H3 during the cell cycle. Recently,
we reported that UHRF1 ubiquitinates PAF15 and H3 re-
cruiting DNMTT1 for the maintenance of DNA methylation
after DNA replication (52) (Figure 5SA). We compared the
ubiquitination timing of PAF15 and H3 during the cell cy-
cle by using the ubiF3Hc assay. We found that PAF15 is pre-
dominantly ubiquitinated in the early S phase, while H3 is
modified in both early- and middle-S phases (Figure 5B and
O). A closer look shows H3 ubiquitination signals through-
out the nucleus that seem to accumulate at the rim over time
reflecting YFP capture by GBP-Lamin B1 (Supplementary
Figure S12). This result is consistent with our finding that
PAF15 is preferentially involved in the methylation of early
replicating DNA (58). We did not detect ubiquitination of
PAF15 and H3 in late S phase.

With the same assay, we found that the ubiquitination of
HP1B predominantly occurs in S phase (Figure 5D and E).
In parallel, we investigated whether HP1B is subjected to
cell cycle dependent regulation by biochemical analyses. In
this assay, cells arrested in late G1 phase by mimosine were
tested for HP1B abundance at different times after release
into the cell cycle. Cell cycle progression was monitored by
flow cytometry (Figure 5F). Consistently, time course anal-
ysis of cells released from mimosine G1 arrest showed that
HP1p levels decreased in S phase (Figure 5F), which is con-
sistent with the observed ubiquitination of HPIB (mostly)
in S phase. Furthermore, we detected an increase of HP13
level in Uhrf1-deficient cells (Supplementary Figure S13A).
These results suggest that UHRF1 ubiquitinates HP1 in
S-phase and targets it for degradation.

Thus, our results show that the ubiF3Hc assay can com-
plement and extend biochemical approaches and provide
insights into cell cycle dependent changes in protein ubig-
uitination.

To test the application of ubiF3Hc in monitoring the
ubiquitination of specific proteins in live cells, we stably
expressed the HP1B fused with the C-terminal half of
YFP and transiently expressed the other components. The
ubiquitinated HP1B (YFP-HP1B Ub) was recruited to the
nuclear envelope (Figure 6A and Supplementary Figure
S13B). With live cell microscopy, we monitored the ubiquiti-
nation of HP1B during cell cycle and consistently observed
its ubiquitination in S-phase (Figure 6B and C).

Identification of targets and inhibitors of ubiquitination in live
cells

As the ubiF3Hc assay shows a high signal-to-noise ratio,
we next sought to examine whether it is applicable for high-
throughput screening in drug discovery. We tested this as-
say in 96-well plates to automatically visualize and ana-
lyze HP1B ubiquitination. In line with the result shown in
Figure 2B and 4C, we observed clear reconstituted YFP
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signals at lacO spots in two independent replicates show-
ing HP1B ubiquitination and demonstrating the robust-
ness of the ubiF3Hc assay (Supplementary Figure S13C).
We further recruited ubiquitinated proteins to major satel-
lites (MaSat) that allows the application of ubiF3Hc¢ in any
mouse cell types.

To test the potential of this system for identification of E3
ligases, we stably expressed the YC-HP1B and YC-PAF15,
the ubiquitination targets of UHRF1, in mESCs (Supple-
mentary Figure SI3B). We then analyzed their ubiquitina-
tion level after knock down of Uhrfl. As a control, we an-
alyzed the ubiquitination of PAF15 in UHRF1 ubiquiti-
nation defective cells (UHRF1 H730A) (83). In line with
the result shown in Supplementary Figure S5C, we de-
tected significant reductions of PAF15 ubiquitination in
both UHRF1 H730A and Uhrfl knocked down cells (Sup-
plementary Figure S13D). Likewise, we observed a reduc-
tion of HP1B ubiquitination in Uhrf1 knocked down cells
(Supplementary Figure S13D) that is in line with our MS
result (Figure 1D).

To investigate the potential of this ubiF3Hc assay for
the identification of specific inhibitors, we chose the well-
known tumor suppressor p53 which is ubiquitinated by
HDM2 and thus marked for degradation (59). To restore
and boost p53 tumor suppressor activity in cancer therapy,
small molecules like Nutlin-3 have been developed to inhibit
the ubiquitination by HDM?2 (60). We expressed the com-
ponents of the ubiF3Hc assay for detection of p53 ubiqui-
tination and clearly observed reconstituted YFP signals at
lacO spots in consistency with Figure 2E and F. We then
incubated the cells with 10 wM Nutlin-3 to test the poten-
tial of this assay for the identification of specific inhibitors.
The reconstituted YFP signals at lacO spots significantly
decreased indicating reduced ubiquitination of p53 (Figure
7A and B). These results show that our ubiF3Hc assay is
suited to detect the ubiquitination of the tumor suppressor
p53 and to identify specific inhibitors like Nutlin-3.

We next expanded it to a small-scale screen for small
compounds and tested their ability to regulate HPIB
ubiquitination. We tested eight inhibitors including TBB,
an inhibitor specific for casein kinase 11 (CK2), GNE-0640,
an inhibitor for USP7, CHIR, a potent glycogen synthase
kinase (GSK) 3 inhibitor, PD, an inhibitor for
MAPK/ERK, PP1, an ATP-competitive inhibitor of
mutant over wild-type kinases. We used YC-HP13 BHK
cells and transiently expressed other components of the
ubiF3Hc assay to measure the ubiquitination of HP1B
in the presence of different inhibitors from 3 to 12 pM
(Figure 7C, D and Supplementary Figure S14A). We found
that the level of HP1B ubiquitination did not change at the
concentration of 3 wM but showed a significant reduction
at the concentration of 12 wM for TBB. 5-aza-dC but not
Nutlin-3 increased the ubiquitination of HP1B and this
was dose-dependent (from 3 to 12 wM) (Figure 7D and
Supplementary Figure S14A). Notably, with increasing
concentration of GNE-6640, mCherry positive cells identi-
fied were much less than with the control (DMSO), which
may be due to toxic effects on the cells or negative influence
on the transfection at the concentration range used (3 to
12 wM). Thus, we tested GNE-6640 at the concentration
of 0.6 wM (around its IC50) and found that inhibition of
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Figure 5. Visualization of cell cycle dependent ubiquitination. (A) Illustration of two distinct modes of DNMT1 recruitment after DNA replication for the
maintenance of DNA methylation. (B) Representative images of cell cycle dependent ubiquitination of PAF15 and H3. Scale bar: 5 pm. (C) Percentage
of cells with PAF15 and H3 ubiquitination during the cell cycle. The numbers of cells analyzed (n) are indicated. (D) Representative images of cell cycle
dependent ubiquitination of HP1f in mESCs using the nuclear envelope as an anchor point and RFP-PCNA as a cell cycle indicator. Scale bar: 5 um. (E)
Percentage of cells with H3 and HP1B ubiquitination in non-S and S phase. The numbers of cells analyzed (n) are indicated. (F) HP1B and UHRF1 levels
in synchronized mESCs released from the late G1 phase were detected by WB. The H3S10p blot was used to highlight the G2 phase, and the actin blot
was shown as loading control. Cell cycle profiles of synchronized mESCs are shown above for each time point after release from the late G1 phase.
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Figure 6. Monitoring the ubiquitination of HP1 in live cells during cell cycle. (A) Schematic outline of the protein ubiquitination monitoring strategy.
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the ubiquitin-specific protease USP7 by GNE-6640 leads
to the upregulation of HP1B ubiquitination (Supplemen-
tary Figure S14B). To confirm the screening result, we
performed an in vivo ubiquitination assay and consistently
found that 5-aza-dC treatment induced the ubiquitination
of HP1B (Figure 7E).

Thus, the ubiF3H assay is a robust tool for studying pro-
tein ubiquitination in live cells. We could use ubiF3H as-
says to monitor the ubiquitination of specific proteins in
live cells, to identify E3 ubiquitin ligases and proteases, to
map the ubiquitination sites and to discriminate different
ubiquitin linkages. The ubiF3Hc assay is suitable for study-
ing temporal protein ubiquitination in live cells and high-
throughput screens with small molecule or siRNA libraries.

Importantly, the ubiF3Hc assay is suitable for study-
ing temporal changes in protein ubiquitination and screens
with small molecules or siRNAs in live cells.

DISCUSSION

Protein regulatory networks are largely governed by
posttranslational modifications and proteasome-mediated
degradation, whereby ubiquitination plays a central role.
As protein ubiquitination occurs in different configurations
and functions, the key to a comprehensive understanding of
this dynamic and multifaceted posttranslational modifica-
tion is the identification of targets with their respective lig-
ases and proteases along with the timing and linkage of this
modification. Targets are typically identified by immuno-
precipitation with antibodies against the diGly motive re-
maining after digestion of ubiquitinated proteins as we pre-
viously used to identify UHRF1 targets (57). Here, we co-
expressed a GFP-2UBA fusion and enriched ubiquitinated
proteins with our nanobody against GFP (GBP) for quan-
titative MS analysis. We screened UHRF1 dependent ubiq-
uitination targets by comparing Uhrfl-deficient versus wt
mESCs and identified the heterochromatin protein HP1B
as a novel substrate which had not been picked up in our
prior study using an antibody against diGly (57). In general,
however, the enrichment with the co-expressed GFP-2UBA
was less efficient and low abundant ubiquitinated proteins,
like PAF15 (57) were missed. While there are some reports
of HP1 ubiquitination (84) the modification of HPIB by
UHRFT1 had been missed so far.

The expression of GFP-2UBA allows the detection of
ubiquitinated proteins in live cells in general but cannot dis-
tinguish which proteins are modified. To detect ubiquitina-
tion of specific proteins we developed the ubiF3H assay and
expressed GFP fusions with POIs and immobilized them at
distinct subcellular structures with the GBP. We used cell
lines with a genomic lacO array as anchor points to obtain
easy to discern spot signals for automated image analysis.
To be more flexible and independent from these cell lines,
also endogenous structures, like the nuclear lamina, major
satellite DNA repeats, actin filaments or centrosomes, may
be used as anchor points as previously demonstrated for
protein interaction assays (32). Clearly, the GBP-mediated
capture of GFP fusion proteins at a distinct spot also im-
proves the signal-to-noise ratio and the intracellular dynam-
ics seems to be sufficient so that even interactions between
mitochondrial proteins could be monitored at nuclear lacO

Nucleic Acids Research, 2022, Vol. 50, No. 21 el25

spots with the original F2H assay (85). Also, for conve-
nience we mostly relied on transient transfections but for
studies at physiological expression levels, endogenous genes
may be tagged as described (86). This simple ubiF3H assay
was not designed for absolute quantification but provides
a rapid display of the ubiquitination status of POIs and al-
lows to monitor relative changes in the ubiquitination signal
in response to defined manipulations. Thus, we could iden-
tify UHRF1 dependent ubiquitination of HP1B and iden-
tify the protease USP7 as potential antagonist of this PTM
(Figs. 2B, Supplementary Figure S11 and S14). The UBA
domain detects as far as we know all ubiquityl residues
and is therefore ideally suited for primary screens with the
ubiF3H assay. But as most information of this PTM is en-
coded in the linkage (2), i.e. which lysine residues are used
for conjugation, we employed more specialized domains for
further discrimination. To expand the scope of the ubiF3H
assay, we chose the naturally occurring domains 2UIM and
NZF that specifically bind K48 and K63 linked ubiquitin
chains (61-63). The comparative use of these three ubiqui-
tin binding domains in the ubiF3H assay makes it possible
to discern the most prominent ubiquitin chains in live cells.
The ubiF3H assay could be further expanded to identify ad-
ditional types of ubiquitin chains by using natural or arti-
ficial binders like specific affimers that were developed for
recognition of K6 and K11/K33 ubiquitin linkages (87).

The application of fluorescent ubiquitin binders per se
is limited to monitoring changes in ubiquitination at dis-
tinct cellular structures or local processes. FLIP experi-
ments (Supplementary Figure S3) suggest that the binding
of ubiquitin probes is transient and will not interfere with
biological functions in vivo. Thus, we detected an increase in
ubiquitin at focal sites of DNA damage (Figure 3E) reflect-
ing the known role of ubiquitination in e.g. DNA double-
strand repair (88). The comparison of three ubiquitin chain
specific probes showed a faster recruitment of 2UIM at
DNA damage sites (Figure 3F and G). This early K48-
ubiquitination event at the DNA damage spots is supported
by previous publications highlighting, for example, RNFS§-
mediated K48-linked Ku80 removal (76), RNF8-mediated
K48-linked VCP/p97 and 53BP1 recruitment (77,78), and
L3MBTLI degradation (74). All of these processes happen
relatively early after the damaging event and contribute to
the formation and stability of repair foci. Some studies have
reported the rapid turnover of the K48-linked polyubiqui-
tin chains (76,79), which has hindered the study of the K48-
linked polyubiquitin chains’ contribution to DNA damage
signaling. On the other hand, the long retention times of
Ch-2UBA and Ch-NZF can be explained by K63 polyu-
biquitin chains’ importance at later DNA damage signaling
steps, including the repair pathway choice and subsequent
repair (75).

To enhance the signal-to-noise ratio of the ubiF3H assay,
we implemented a fluorescence complementation (FC) ap-
proach between POI and ubiquitin reader using split YFP.
While this FC approach allows detection of ubiquitination
in the natural subcellular environment, it may also spread
the signal throughout the cell, depending on the distribution
of the POI. Therefore, we co-expressed GBP-Lamin Bl to
locally capture the complemented YFP fusions at the nu-
clear envelope. The binding of GBP is expected to enhance
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Figure 7. Identification of targets and inhibitors of ubiquitination in live cells. (A) Schematic outline of the detection of p53 ubiquitination in 96-well plates
in the presence or absence of Nutlin-3. The components of the ubiF3Hc assay are transiently expressed in BHK cells. The expression of mCherry was used
to identify transfected cells. (B) Box plot representations of intensity ratios of reconstituted YFP and mCherry at lacO spots and nucleus, respectively, for
p5S3 ubiquitination in the absence and presence of 10 wM Nutlin-3 (right). C1 (control 1: YC-p53, N1-YN, GBP-lacl and mCherry) and C2 (control 2:
YC-p53,2UBA-YN and mCherry). Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers
extend 1.5 times the interquartile range from the 25th and 75th percentiles; outliers are represented by dots. The numbers of cells analyzed are indicated.
Data sets were tested for significance with an unpaired t-test and p-values are indicated. (C and D) Screening small compounds that regulate the level
of HP1B ubiquitination in a 96-well plate with ubiF3Hc assay. Working flow was shown in (C). YC-HPIB was stably expressed in BHK cells, whereas
2UBA-YN and GBP-lacl were transiently expressed in BHK cells. The expression of mCherry was used to identify transfected cells. Box plot shows the
ubiquitination levels of HP1B upon the treatment of TBB, Nutlin-3 and 5-aza-dC (see more in Supplementary Figure S14). Center lines show the medians;
box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th
percentiles; outliers are represented by dots. Unpaired t-test was done and p-values were indicated (D). (E) GFP-HP1B ubiquitination is increased by
treatment of 5-aza-dC. HEK293T cells were transfected with GFP-HP1B and HA-Ub in the presence of DMSO or 5-aza-dC. Immunoprecipitation was
performed with GFP-trap and bound fractions were detected by western blot using anti-HA and HP1B antibodies.
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the fluorescence of YFP as was reported for GFP (34) and
to stabilize the complemented YFP as the binding interface
spans both halves (Figure 4B). The local entrapment of the
YFP fusions may not only improve the signal-to-noise ratio
through the concentration of the signal at a distinct struc-
ture but may also slow down degradation. These features of
the ubiF3Hc assay enhance the signal but complicate the
quantification. Also, as FC depends on spatial proximity
and steric fit, the ubiF3Hc assay may, for some POIs, require
optimization of linker length and fusion site for the comple-
menting Y FP halves. In comparison with the ubiF3H assay,
which essentially measures the colocalization of green and
red fluorescence, the ubiF3Hc assay requires only a single-
color channel (YFP) leaving another channel free for ad-
ditional readouts like, e.g. the cell cycle phase, as demon-
strated with RFP-PCNA (Figure 5B and D).

Previous bimolecular complementation assays relied on
the covalent ligation of labeled ubiquitin (9,10). Here, we
use ubiquitin binding domains, which, by the transient
nature of their binding and discriminating specificity, is
expected to be more dynamic, less disruptive and more
informative. The comparative use of UBA, 2UIM and
NZF ubiquitin binding domains in the colocalization based
ubiF3H assay to discriminate between monoubiquitination
versus K48 and K63 linked ubiquitin chains (Figure 3) can
easily be applied to the complementation based ubiF3Hc
assay. Both assays can be further expanded as more specific
binding domains are either identified or artificially gener-
ated, like. e.g. the aforementioned affimers (87) making the
ubiF3H assays a dynamic and powerful platform for the
study of protein ubiquitination in live cells.

One important feature of the ubiF3Hc assay is the im-
proved signal-to-noise ratio achieved by local signal enrich-
ment at distinct subcellular structures like the nuclear enve-
lope or the lacO array spot. This worked well for relatively
mobile proteins like HP1@ with a half recovery time (t,2)
of 2.5 5 (89) but, surprisingly, also for rather immobile pro-
teins like core histone H3 with recovery times in the range of
hours (90). It will be interesting to investigate whether the
captured H3 fusion protein stems from a small mobile frac-
tion mobilized by transcription and DNA replication or by
ubiquitination itself.

The single color based ubiF3Hc assay is ideally suited to
correlate the ubiquitination of specific proteins with other
cellular processes like, e.g. cell cycle progression. With RFP-
PCNA as a cell cycle marker we found that PAF15 and
H3 are preferentially ubiquitinated in S phase (Figure 5B),
which is consistent with the known function of the UHRF1
E3 ligase. A potential limitation of fluorescence based bi-
molecular fluorescence complementation is its reported ir-
reversibility in vitro and in vivo (91,92). However, we moni-
tored dynamic changes of HP1B ubiquitination during the
cell cycle (Figure 6). This dynamics could be caused by re-
versible complementation or degradation as described be-
fore (93-95).

UHRFTI is an essential factor for the maintenance of
DNA methylation after DNA replication in S phase (51,53).
On the one hand, UHRF1 controls DNMT1 abundance
by polyubiquitination (29,56). On the other hand, it mono-
ubiquitinates PAF15 and histone H3, and thereby indi-
rectly recruits DNMT]1 to replication foci for the mainte-
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nance of DNA methylation (30,52,58). Genetic data indi-
cate that PAF15 ubiquitination is preferentially involved
in the methylation of early replicating DNA (58) which
fits well with the observed ubiquitination mostly in early
S phase (Figure 5B and C). Surprisingly, no ubiquitination
was detected for PAF15 and H3 in late S phase, which might
point towards a third, still unknown recruiting mechanism
or simply reflect limitations in the accessibility in densely
packed, late replicating heterochromatin. In this context it
is interesting to note that DNMT1 has distinctively slower
FRAP recovery kinetics in late S phase (96). The obser-
vation that also HPIB is ubiquitinated by UHRFI in S
phase is novel and gives rise to speculations about possi-
ble functions in DNA replication and/or epigenetic reg-
ulation which are interesting starting points for future
research.

Dysregulation of protein ubiquitination and degradation
plays important roles in the development of human diseases
(97,98). As several E3 ligases have been implicated in hu-
man cancer (99), the specific targeting of these enzymes is
presently investigated as a less toxic alternative to current
proteasomal inhibitors. However, high-throughput screen-
ing for inhibitors and modulators of E3 ubiquitin ligases
mostly rely on cumbersome and costly biochemical assays
and cell extracts based Ub-detection systems (100-103).
Clearly, the most prominent ubiquitination target in can-
cer biology is the tumor suppressor p53. Ubiquitination by
the E3 ligase HDM2 marks p53 for degradation and keeps
its cellular levels low during normal cell cycle progression.
Only upon DNA damage p53 levels increase to affect ei-
ther cell cycle arrest or trigger apoptosis (104). To boost the
activity of mutant p53 in tumor cells small molecules were
screened to prevent p53 ubiquitination. Sophisticated and
costly high-throughput screens eventually yielded Nutlin-3,
which prevents p53 ubiquitination (60). We could detect the
ubiquitination of p53 with our robust ubiF3Hc assay and
monitor a drop in ubiquitination upon addition of Nutlin-
3 with a simple optical readout in a multiwell format (Figure
7). As the ubiF3H assays are cell-based they provide besides
the ubiquitination status of POlIs also data on cell perme-
ability, bioavailability and toxicity of candidate drugs and
should, thus, be well suited for high-throughput and high-
content drug screens.

In summary, we present a versatile ubiF3H assay to in-
vestigate the ubiquitination of specific proteins in live cells.
We demonstrate that this simple assay is well suited to iden-
tify new targets, map ubiquitination sites, discriminate dif-
ferent types of ubiquitination, identify E3 ligases, proteases
(DUBs) and inhibitors controlling the ubiquitination of
specific proteins and monitor changes over time.
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