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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.
POI fused with the C-terminal half of YFP was stably expressed in mESCs and other components were transiently expressed to recruit the ubiquitinated
protein to nuclear envelope. (B) Live cell series of mESCs stably expressing YC-HP1B and transiently co-expressing components shown in (A). Scale bars:
S pm. (C) Time lapse quantification of the YFP (HP1B-Ub) intensities at the nuclear lamina. Five individual cells were aligned and the mean and the SEM
of the YFP intensities were shown. The images of cells at mitosis states are excluded from the quantification. The last two time points were derived from
one single cell.
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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
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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.

DATA AVAILABILITY

The data of flow cytometry experiments related to Figure
SF was submitted to the Flow Repository. The Repository
URL for Referees is as follows, http:/flowrepository.org/id/
RvFrc VKK R psNOJzvDRCcSAj2ccBKu6VvUttX YoXOY
C7xyQfil104sSO9BTCAmdf3mS.

The raw mass spectrometry proteomics data (Figure 1D)
have been deposited at the ProteomeXchange with the
dataset identifier ‘PXD034335’.
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Supplementary Fig. 1: Related to Fig. 1 and Fig. 2A. GFP-2UBA binds ubiquitinated proteins.
(A) Two UBA from RAD23 amino acids 158-212 linked with a GDRGGG linker is fused to GFP. (B
and C) Comparison of Ch-UBA and Ch-2UBA binding. The Ch-2UBA accumulation at lacO spots
reflects the binding to GFP-Ub highlighted with filled arrowheads and not detectable binding is
indicated with open arrowheads. For quantification, Ch signals at the spot were measured and

divided by the average signal in the nucleus. Scale bars: 10 um.
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Supplementary Fig. 2: Related to Fig. 2B. Ubiquitination of HP1 proteins and mapping of HP1B
ubiquitination sites. (A) GFP- or RFP-Trap immunoprecipitations from HEK293T cells expressing
the indicated combinations of HA-Ub, GFP- and RFP-HP1 were probed with an anti-HA antibody.
The Ponceau staining was used as a loading control. (B) Alignment of mouse heterochromatin

proteins HP1B, HP1y and HP1a. Lysine residues specific for HP13 are highlighted in red.



Accession numbers: HP13 NP_031648.1; HP1y AAI10377; HP1a AAH04707. (C) Schematic
structure of HP1f and its delC mutant and characterization of HP13 deletion mutant to narrow
down ubiquitination sites by in vivo ubiquitination assay. GFP-HP1B and its mutant were co-
expressed with HA-ubiquitin in HEK293T cells and immunoprecipitated using the GFP-Trap.
Immunoprecipitations were analyzed with an anti-HA antibody. The delC deletion had a clear

effect on the ubiquitination of HP1p.
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Supplementary Fig. 3: Related to Fig. 2B. Ch-2UBA transiently interacts with GFP-HP1B. The
error bars depict the standard error of the mean. Ch-2UBA/GFP-HP13 n=13 (A), Ch/GFP-HP1(3
n=11 (B), GFP/GBP-mRFP n=18 (C). Time lapse quantification of the red fluorescent intensities

at the spots (D). Scale bars = 10 um.
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Supplementary Fig. 4: Related to Fig. 2B. Ch-2UBA has no or minor effect on cellular protein
ubiquitination/degradation. GFP-HP13 mESCs transiently expressing mCherry or Ch-2UBA were
treated with cycloheximide (CHX). At the 0 and 3 h of CHX treatment, GFP-HP1f intensities were
measured (left). Boxplot of the relative GFP-HP1{ intensities of mCherry or Ch-2UBA positive
cells. The numbers of cells analyzed are indicated in the Figure (A). GFP-HP1p intensities in the

treatment of CHX were also measured by western blot (B).
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Supplementary Fig. 5: Related to Fig. 2B. Characterization of UHRF1 ubiquitin targets. (A)
UHRF1 ubiquitinates HP1( in vitro. GFP-HP1{ and His-UHRF1 were expressed and purified from
HEK293T cells using the GFP-Trap and Ni-NTA beads, respectively. In vitro ubiquitination assays
were performed with the components as indicated. Ubiquitination of HP13 was detected with an
anti-Ubiquitin antibody. (B) Uhrfl mRNA levels in BHK wt and Uhrfl-knockdown cells were

determined by quantitative RT-PCR. Expression data were normalized to Usp7. Relative mRNA



levels are shown as mean values + SEM from four independent technical repeats. (C)
Representative images show the ubiquitination of DNMT1, H3 and PAF15 with the ubiF3Hc assay
in BHK wt or Uhrfl-knockdown cells. The GFP fusion proteins were co-expressed with Ch-2UBA.

Ch-2UBA accumulation at lacO spots reflects the ubiquitination of GFP fusion proteins. Scale bars:

5 pm.
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Supplementary Fig. 6: Related to Fig. 2E and F. Ubiquitination of p53-GFP upon the treatment
of Nutlin-3. GFP-Trap immunoprecipitations from HEK293T cells expressing the HA-Ub and p53-
GFP in the presence of different amounts of Nutlin-3 were probed with an anti-HA antibody. The
Ponceau staining was used as a loading control (Left). Relative intensities of ubiquitinated p53-

GFP (~85 kD in the HA blot) normalized to the intensities of p53-GFP by Ponceau staining are

shown as mean values + SEM from three independent biological repeats (Right).
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Supplementary Fig. 7: Related to Fig. 3B and 3C. (A) Structure of ubiquitin probes with ubiquitins
and their reported Kd values for ubiquitin interactions. 2UIM and K48-Ub2; NZF and K63-Ub2;
UBA and Ub. 3D structures are from the Protein DataBase (PDB) as indicated. (B) The
ubiquitination of GFP fusion proteins was detected by ubiF3H assays using different ubiquitin
probes as indicated. Representative images are shown and ubiquitination of GFP fusion proteins
detected with the different probes indicated is highlighted with filled arrowheads and not detectable
ubiquitination is indicated with open arrowheads (for quantification see Supplementary Fig. 6).

Scale bars: 5 pm.
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Supplementary Fig. 8: Related to Fig. 3C. The ubiquitination of GFP fusion proteins was detected
by ubiF3H assays using different ubiquitin probes. Quantification of the intensity ratio of mCherry-
tagged ubiquitin probes to GFP fusion proteins at the lacO array. 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. Cells analyzed (n) are indicated. The red dot lines indicate the median of corresponding
controls. Unpaired student t-tests were performed, and p-values indicated. The p-value greater

than 0.05 is considered as not significant (n.s.).
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Supplementary Fig. 9: Related to Fig. 4. Split YFP for fluorescence complementation assay. (A)
Protein  sequence alignment of GFP and YFP using a website tool

(http://espript.ibcp.fr/ESPript/ESPript/). The secondary structures are shown above. Secondary

structure elements are: a, a-helices; n, 310-helices; B, B-strands; TT, strict f-turns. Strict sequence
identity is shown by a red box with white characters. The split site (YN154/YC155) and the major
amino acids of GFP or YFP in the interaction surface with GBP are highlighted with black dots
beneath the sequences. (B) Structures show the inactive two halves of GFP, GFP-C155 indicated
in yellow and GFP-N154 in green (left). The B-sheet 7 in GFP-N154 is labeled in blue. The active
reconstituted GFP with GBP protein (PDB ID code 3K1K) is shown (right). (C) GBP enhances the
reconstituted YFP signals. Representative images of detection of PAF15 ubiquitination by
ubiF3Hc with or without GBP in mESCs (left). The expression of mCherry was used to identify
transfected cells. Scale bar: 5 um. (D) mESCs expressing Cherry, YC-PAF15 and 2UBA-YN with
or without GBP were analyzed with the Harmony analysis software (PerkinElmer) and the
intensities of reconstituted YFP signals in the nucleus were measured (right). 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. Cells analyzed (n) and p value are indicated.
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http://espript.ibcp.fr/ESPript/ESPript/

Supplementary Fig. 10: Related to Fig. 4C. Characterization of BHK cells stably expressing YC-
HP1B or YC-HP1B%C by PCR. The sequences coding for YC-HP1B or YC-HP1BdelC were
randomly integrated into the genome of BHK cells under the selection of Blasticidin. Primers used

to characterize the stable integration are indicated.

13



A C Control

DAPI YFP mCherry
USP7 recognition sequence KxxxK
DNMT1 1107-1118 GNKGKGKGKGKG 2UBA-YN
UHRF1 642-653  TGKGKWKRKSAG YC-HP1B
ICPO 617-628 AHRTKRACKRPG GBP-lacl
H3 10-17 STGGKAPRKQLA
H2A 6-17 KQGGKARAKAKT
HP1B 176-185 EDDDKKDDKN
* * 2UBA-YN
YC-H3
GBP-lacl
B
g
E 1.2
o
S 10]
&
S-08 2UBA-YN
5 & g YC-HP1B
%’D ' GBP-lacl
= 04
S
4
g 00 2UBA-YN
i Control 24 48 YC-H3
siUsp7 (hours) GBP-lacl
D E
NG & IP GFP-Trap
&\W
< . Ch-USP7 - -+ o+ - -
. Ch-USP7e2s - - - - 4 4
8 154 =0.001 GFP-HPIE  + + + + + +
o -
@) p=0.01 ° HA-Ub + o+ o+ o+ o+ o+
E e I B I B 1 B
0 §10* R kD = Lo
c o : § 170,
5c g g 130|F o ,
) 6 3 100 Ub-HP1B
o Q ! 8 S— —
w © 6
> 9o 54 © 8 -
o ° o c 55
(0]
= o 8 40
Eol=sp == ¢
e WB: anti-HA
r T T 1
) ) S ;
X0 g X0 (P -3 — | _
00“/,\5‘\ c;,\\)%Q,\b(\ Oo‘\/\\\g,\\) //,\6\ 55| v — GFP-HP1B
WB: anti-GFP
H3 HP1B

Supplementary Fig. 11: Related to Fig. 4. USP7 is the deubiquitinase for HP1f ubiquitination.
(A) The alignment of the KxxxK motif of HP1f3 to the corresponding sequences of DNMT1, UHRF1,

ICPO, H3 and H2A. Conserved lysine residues of the KxxxK motif are highlighted in red. (B) Usp7
14



MRNA levels in BHK wt and Usp7-knockdown cells were determined by quantitative RT-PCR.
Expression data are normalized to Uhrfl. Relative mRNA levels are shown as mean values + SEM
from four independent technical repeats. (C) Representative images of H3 (positive control) and
HP1B ubiquitination with the ubiF3Hc assay in BHK wt and Usp7-knockdown cells in D. Scale bar:
5 um. (D) Quantification of YFP intensities at lacO arrays normalized to co-expressed mCherry in
BHK wt and Usp7-knockdown cells. 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 (n) are indicated. Unpaired student t-tests were performed, and p-values indicated. (E)
Deubiquitination of HP13 by USP7. GFP-Trap pulldowns from HEK293T cells expressing
indicated combinations of HA-Ub, GFP-HP1B, Ch-USP7 and Ch-USP7¢?%4S were determined by

WB analysis with an anti-HA antibody.
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Supplementary Fig. 12: Related to Fig. 5B. Spinning disk confocal images of H3 ubiquitination
with the ubiF3Hc assay. The ubiquitinated H3 complexes are trapped at the nuclear envelope by
GBP-Lamin B1. Representative images of mESCs co-transfected with constructs as indicated in
A (control without GBP) and B. The line plots show the intensity distribution of YFP along the scan

line indicated in green. Scale bars: 20 um for overview and 10 um for zoomed in single cells.
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Supplementary Fig. 13: Related to Fig. 5F, 6B and 7. (A) HP18 levels are controlled by UHRF1.
WB analysis of endogenous HP1pB levels in wt and Uhrfl-deficient mESCs. An anti-B-actin blot
was shown as loading control. Quantification of the HP1B protein levels was done with a gel
analysis tool in ImageJ. Shown are mean values £ SEM of four independent biological replicates
and normalized to HP1 level in wt mESCs. Differences in relative HP1[3 protein levels between
wt and Uhrfl-deficient mESCs were analyzed using student’s t-test and considered statistically
significant for p < 0.05 (*). (B) Characterization of mESC lines stably expressing YC-HP1( (left)
or YC-PAF15 (right) by western blot. The anti-tubulin blot and Ponceau staining were used as
loading controls. (C and D) Detection of protein ubiquitination with ubiF3Hc in 96-well plates.
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. Detection of
HP1B ubiquitination with ubiF3Hc by recruiting to lacO spots. Box plot representations of YFP
intensities at lacO spots normalized to mCherry signals in the nucleus (C). Detection of HP1 and
PAF15 ubiquitination in mESCs by recruiting to major satellite sites (MaSat). The red dot lines

indicate the median of corresponding controls (D).
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Supplementary Fig. 14: Related to Fig. 7C and D. Screening small molecules/compounds that

regulate the ubiquitination of HP13. BHK cells stably expressing YC-HP 13 were transfected with

other components of the ubiF3Hc assay, including 2UBA-YN, GBP-lacl and mCherry, and were

treated with different molecules. The expression of mCherry was used to identify transfected cells.

(A) Box plot shows the ubiquitination levels of HP13 upon the treatment of different compounds

from 3 to 12 uM. (B) Box plot shows the ubiquitination levels of HP1B upon the treatment of GNE-

6640. 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 red dot lines indicate the median of
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corresponding controls (DMSO). At least 35 cells except for GNE-6640 were analyzed in A. The
numbers of cells analyzed in B are indicated in the plot. Unpaired t-test was done and p-values

were indicated.
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