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Abstract 

The Rad5 / HLTF protein has a central role in the tolerance to DNA damage by mediating an error-free mode of bypassing unrepaired DNA 

lesions, and is therefore critical for the maintenance of genome st abilit y. We show in this w ork that, f ollo wing cellular stress, Rad5 is regulated 
by relocalization into t wo t ypes of nuclear foci that coexist within the same cell, which we termed ‘S’ and ‘I’. Rad5 S-f oci f orm in response to 
genotoxic stress and are associated with Rad5’s function in maintaining genome stability, whereas I-foci form in the presence of proteotoxic 
stress and are related to Rad5’s own proteostasis. Rad5 accumulates into S-foci at DNA damage tolerance sites by liquid-liquid phase separation, 
while I-foci constitute sites of chaperone-mediated sequestration of Rad5 at the intranuclear quality control compartment (INQ). Relocalization of 
Rad5 into each type of foci involves different pathways and recruitment mechanisms, but in both cases is driven by the evolutionarily conserved 
E2 ubiquitin-conjugating enzyme Rad6. This coordinated differential relocalization of Rad5 interconnects DNA damage response and proteostasis 
net works, highlighting the import ance of studying these homeost asis mechanisms in t andem. Spatial regulation of Rad5 under cellular stress 
conditions thus provides a useful biological model to study cellular homeostasis as a whole. 
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Introduction 

Cellular stress arises from multiple endogenous and exoge-
nous sources and is a main cause of damage to both DNA
and proteins. DNA damage originated by genotoxic stress
is especially detrimental during chromosomal replication, as
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unrepaired non-bypassed lesions can cause permanent fork 

stalling or collapse that would result in incomplete genome 
replication, leading to genomic instability ( 1 ,2 ). Protein dam- 
age brought about by proteotoxic stress can result in non- 
functional, usually misfolded proteins, leading to protein 
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omeostasis loss ( 3 ). While generally studied independently,
enomic instability and proteostasis loss are frequently inter-
wined. This is exemplified by situations of cellular stress that
amage not only DNA but also proteins involved in coping
ith DNA lesions, leading to less efficient or compromised

esponses to maintain genome integrity. Moreover, genome
nd proteome instability often aggravate one another in a vi-
ious cycle that can lead to cellular pathologies and disease,
s occurs for example in some cancers and neurodegenerative
iseases ( 4 ,5 ). DNA damage response and proteostasis net-
orks help cells cope with genotoxic and proteotoxic stress,

espectively ( 6 ,7 ), and both share protein relocalization as a
allmark ( 8–11 ). The study of this common hallmark is there-
ore important to investigate the possible interconnections be-
ween these networks. 

In this work, we have studied the relocalization in response
o cellular stress of budding yeast Rad5 (human HLTF), a key
rotein for the maintenance of genome stability. We found
hat its spatial regulation is a good model to address how
NA damage and proteotoxic stress responses are intercon-
ected by protein relocalization. Rad5 is an E3-ubiquitin lig-
se and ATPase / helicase that belongs to the evolutionarily
onserved RAD6 / RAD18 pathway of DNA damage toler-
nce (DDT). This pathway allows for bypassing fork-blocking
NA lesions, facilitating the completion of chromosome repli-

ation and thus cell survival ( 12–15 ). Following replication
ork stalling caused by unrepaired DNA lesions or replicative
tress, the DNA polymerases and the replicative helicase can
ncouple, originating long ssDNA fragments. These are cov-
red by RPA, which acts as a signal for the recruitment of
he E3 ubiquitin ligase Rad18 to chromatin, which recruits
he E2 ubiquitin-conjugating enzyme Rad6 ( 16 ). Rad18 and
ad6 form a heterodimer that monoubiquitylates PCNA at its
164 residue ( 17 ). This PCNA modification triggers transle-

ion DNA synthesis (TLS) by facilitating the substitution of
he replicative polymerases for TLS polymerases ( 18 ), which
re specialized low-fidelity DNA polymerases that are able
o replicate through DNA lesions in an error-prone and of-
en mutagenic process ( 19 ). Monoubiquitylation of PCNA
an be further extended to K63-linked polyubiquitin chains,
hich is carried out by Rad5 together with the E2 complex
bc13-Mms2 (UBC13-UEV1 in mammals). PCNA polyubiq-
itylation promotes a second mode of DNA lesion bypass that
s driven by the DNA-dependent ATPase / helicase activity of
ad5 and is carried out by transient template switch recom-
ination ( 12–14 ,20 ). This mechanism uses the newly synthe-
ized strand of the sister chromatid as a template to replicate
ver the lesion in a usually error-free process. Notably, in ad-
ition to its important role in mediating template switching
or DNA damage bypass, Rad5 is also involved in modulating
ranslesion DNA synthesis ( 21–23 ), thus making it a central
rotein in DDT. 
Rad5 relocalizes and forms nuclear foci following treat-
ent with model DNA-damaging agents such as the alkylat-

ng drug methyl methanesulfonate (MMS) ( 8 , 24 , 25 ), and also
n response to DNA lesion-less replicative stress ( 8 ,21 ). While
he latter have been well characterized and associated with
tressed replication forks ( 21 ), little is known about the na-
ure or relevance of Rad5 foci induced by DNA-damaging or
ther cellular stress-inducing agents. We show here that, af-
er treatment of cells with various sources of cellular stress,
ad5 is differentially recruited into two types of nuclear foci

hat coexist within the same cell. One type of foci is related
to Rad5’s function in coping with DNA damage, while the
other is associated with Rad5’s own homeostasis. We show
that the formation of each type of foci occurs via different
pathways and requires distinct recruitment mechanisms, but
both are linked to each other through a common dependency
on Rad6, which is revealed as a key factor that interconnects
genome and proteome stability networks. 

Materials and Methods 

Reagents and resources 

Reagents and resources used in this work are listed in Table
1 , together with their source and catalogue reference when
appropriate. 

Yeast strains and media 

Saccharomyces cerevisiae strains used in this work are listed
with their relevant genotypes in Supplementary Table S1 . They
are all derived from W303 and corrected for RAD5 . All strains
were constructed by transformation with PCR-products or
by crosses and subsequent tetrad dissection, using standard
techniques. All fluorescent strains were tagged at their na-
tive loci. All strains were verified by PCR and drug sensitiv-
ity assays, as well as by immunoblot and DNA sequencing
when appropriate. For epitope-tagging and gene deletions, the
pML ( 26 ), pYM ( 29 ) and pRS ( 28 ) plasmid series were used
as templates for PCR together with oligonucleotides listed in
Supplementary T able S2 . Y easts were routinely grown in YP
medium (1% Bacto-yeast extract, 2% Bacto-peptone, Becton
Dickinson) supplemented with 2% glucose (Merck) at 30ºC.
For fluorescence microscopy experiments, cells were grown
at 30ºC in synthetic complete media: 0.67% yeast nitrogen
base without amino acids (Becton Dickinson), 0.1% synthetic
complete drop-out mixture (Kaiser), 2% glucose (Merck), and
0.013% adenine sulphate dihydrate (Sigma-Aldrich). 

Cell cycle synchronization and flow cytometry 

Cells were synchronized in G1 using α-factor (5–10 μg / ml,
Quimigen) and in G2 / M with nocodazole (2 μg / ml, Sigma-
Aldrich). To analyse cells in S phase, G1-blocked cells were
washed twice with culture media and released into fresh me-
dia. In all cases, cell cycle synchronization was monitored by
microscopic observation. Cell cycle stage was monitored by
analysing the DNA content of cells by flow cytometry. Flow
cytometry was basically as described ( 30 ): A 0.5–1 ml sample
of culture was collected, centrifuged, fixed in 70% ethanol,
and stored at 4ºC. 50–200 μl of fixed cells were rehydrated
in 3 ml of 50 mM sodium citrate and centrifuged at 1400
× g for 3 min. They were then resuspended in 0.5 ml of 50
mM sodium citrate with 0.1 mg / ml RNase A (Sigma-Aldrich)
and incubated at 37ºC for 2–4 h. Afterwards, cells were cen-
trifuged again at 1400 × g for 3 min, resuspended in 0.5 ml of
50 mM HCl with 5 mg / ml pepsin (Sigma-Aldrich), and incu-
bated at 37ºC for 30 min. Cells were centrifuged once more at
1400 × g for 3 min and resuspended in 1 ml of 50 mM sodium
citrate with 2 μg / ml propidium iodide (Sigma-Aldrich). Be-
fore running samples through the cytometer, they were briefly
sonicated to disrupt any cellular aggregates. The DNA con-
tent of the cells was analysed using a FACScalibur cytometer
(BD Biosciences) together with the software CellQuestPro (BD
Biosciences). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
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Table 1. Main reagents and resources used in this work 

Reagent or resource Source Identifier 

Antibodies 
Mouse anti-GFP Roche Cat# 11814460001 
Rabbit anti-mCherry J. M. Requena, CBMSO N / A 

HRP-anti-mouse Vector Labs Cat# PI-2000 
HRP-Protein A Invitrogen Cat# 10–1023 
Chemicals, peptides 
1,6-Hexanediol Sigma-Aldrich Cat# 240117 
4-Nitroquinoline 1-oxide (4NQO) Sigma-Aldrich Cat# N8141 
α factor Quimigen N / A 

l -Azetidine-2-carboxylic acid (AZC) Sigma-Aldrich Cat# A0760 
Cisplatin Sigma-Aldrich Cat# 232120 
Digitonin Sigma-Aldrich Cat# D141 
DMSO Sigma-Aldrich Cat# D2650 
Hydrogen peroxide Peroxfarma N / A 

Hydroxyurea (HU) Molekula Cat# 10872383 
Methyl methanesulfonate (MMS) Sigma-Aldrich or Thermo Fisher Cat# 129925 Cat# H55120.06 
MG132 MedChemExpress Cat# HY-13259 
Nocodazole Sigma-Aldrich Cat# M1404 
Zeocin Invitrogen Cat# 11508976 
Organisms / strains 
Saccharomyces cerevisiae strains, background: 
W303 See Supplementary Table S1 

This Manuscript N / A 

Oligonucleotides 
Oligonucleotides used for strain construction, 
testing, and sequencing. See 
Supplementary Table S2 

This Manuscript. Purchased from 

IDT 

N / A 

Plasmid vectors 
Plasmid: pFA6a- URA3 Helle Ulrich (IMB, Germany) N / A 

Plasmid: pFA6a- kanMX6 Longtine et al. ( 26 ) N / A 

Plasmid: pFA6a- mCherry-hphNT1 Saugar et al. ( 27 ) N / A 

Plasmid: pFA6a- TRP1 Longtine et al. ( 26 ) N / A 

Plasmid: pRS304 ( TRP1) Sikorski and Hieter ( 28 ) N / A 

Plasmid: pRS305 ( LEU2) Sikorski and Hieter ( 28 ) N / A 

Plasmid: pRS306 ( URA3) Sikorski and Hieter ( 28 ) N / A 

Plasmid: pYM44 (pFA6a- yeGFP - HisMX6 ) Janke et al. ( 29 ) N / A 

Software and algorithms 
FIJI ImageJ2 https:// imagej.net/ software/ fiji/ 
Huygens Deconvolution SVI https:// svi.nl/ Huygens-Professional 
Adobe Photoshop Adobe https://www.adobe.com 

GraphPad PRISM v8.2.1 GraphPad Software https://www.graphpad.com 

CellQuestPro v6.1 BD Biosciences https://www.bdbiosciences.com 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drug treatments to analyse foci formation 

MMS treatments were as indicated in the text in each case.
For the other drugs used, cycling cells were treated for 60
min, except AZC (120 min), as follows: 200 mM hydroxyurea
(HU), 0.5 mM cisplatin, 0.5 μg / ml 4NQO, 100 μg / ml zeocin,
0.4 mM H 2 O 2 , 1 mg / ml l -azetidine-2-carboxilic acid (AZC).
DMSO (solvent) was used as a control for cisplatin. 

Drug sensitivity assay 

Cell viability after MMS treatment during a single S phase was
determined by plating approximately 500 cells in triplicate
onto YP-glucose plates and counting colony forming units af-
ter 72 h of incubation at 30ºC. 

Immunoblot analysis 

Protein extracts for immunoblot analysis were prepared from
approximately 10 

8 TCA-treated cells as described ( 31 ). Pro-
teins were transferred to nitrocellulose membranes (Amer-
sham Protran Premium Blotting membranes, GE Healthcare)
using semi-dry transfer. GFP- and mCherry-tagged proteins
were detected with anti-GFP and anti-mCherry antibodies
(Table 1 ), using HRP-anti-mouse and HRP-Protein A (Table 
1 ) as secondary antibodies. Immunoreactive bands were vi- 
sualized using enhanced chemiluminescence (ECL prime, GE 

Healthcare). 

Live-cell fluorescence microscopy 

Cells were grown to exponential phase in synthetic complete 
media at 30ºC, synchronized when required at the appropri- 
ate stage of the cell cycle, and treated with the indicated cel- 
lular stress agent. After treatment, 20–25 ml of culture were 
centrifuged at 2031 × g for 2 min, and the pellet was resus- 
pended in 0.5 ml of reserved supernatant and then transferred 

to a 1.5 ml tube and briefly sonicated. A 5 μl sample of cells 
was placed on a Polysine® (Epredia) slide and covered with 

a 22 × 22 mm coverslip. The edges of the slide were sealed 

with Twinsil (Picodent) and the sample was taken immedi- 
ately to the microscope for analysis. Cells were visualized us- 
ing an IX83 inverted confocal microscope with a SpinSR10 

spinning disk module (Olympus), a 100 × oil immersion 

extended apochromat objective with 1.45 NA, a CSU-W1 

scanner with a SoRa disk (Yokogawa), 488 nm and 561 nm 

DPSS lasers, GFP and TRITC filters, a sCMOS Prime 95B 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://imagej.net/software/fiji/
https://svi.nl/Huygens-Professional
https://www.adobe.com
https://www.graphpad.com
https://www.bdbiosciences.com
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amera (Photometrics), and CellSens imaging software. For
ach field of cells captured, a stack of 20–25 fluorescent im-
ges was obtained along the z axis at 0.2 μm intervals, along
ith a single Nomarski image. The fluorescent image stacks
ere deconvoluted using Huygens Deconvolution (SVI) soft-
are, converted into Z projections using Fiji, and then quan-

ified manually. Prepared images were cropped using Adobe
hotoshop. The percentage of cells containing foci and / or
olocalization was calculated as an average of three indepen-
ent experiments. At least 200 cells were counted in each
xperiment. 

ime-lapse microscopy 

1-synchronized cells were released into S phase in the pres-
nce of 0.033% MMS for 60 min and then taken to the mi-
roscope to start the time-lapse. Once per minute, for 3 min,
 stack of 20 florescent images was obtained along the z axis
t 0.2 μm intervals. 

tatistical analyses 

ll experiments were performed with at least three biological
epeats, except the one in Figure 6 E, F, which was conducted in
uplicate. Numerical data are represented as mean ± standard
eviation (s.d.). Statistical analysis was performed using an
npaired two-tailed Student’s t -test. A P value of < 0.01 was
onsidered statistically significant. For simplicity in the figures,
nly statistically significant P values are shown. 

esults 

ad5 is differentially recruited into two types of 
oexisting nuclear foci 

iven its wide use as a model DNA damaging agent, we uti-
ized MMS to begin our study of Rad5 relocalization. To
nvestigate MMS-induced Rad5 foci, we used live-cell mi-
roscopy and RAD5-yeGFP expressed from its own promoter
t its native locus. Treatment of exponentially growing RAD5-
eGFP cells with 0.033% MMS, conditions known to cause
eplication fork stalling ( 32 ), strongly induced Rad5 relocal-
zation into discrete nuclear foci (Figure 1 A), whereas the
umber of untreated cells with detectable Rad5 foci was very
ow, thus confirming previous data with different strain con-
tructions and approaches ( 8 , 24 , 25 ). Rad5 accumulation into
oci was not due to significant changes in protein levels after

MS treatment ( Supplementary Figure S1 A), thus reflecting
rotein relocalization. Cell-cycle analysis showed recruitment
f Rad5 into foci following MMS treatment during G1 and S-
hase, but not G2 / M (Figure 1 B and Supplementary Figure 
1 B). In G1 cells, Rad5 formed a single and usually perinu-
lear focus, whereas in S-phase cells Rad5 formed multiple
oci ( Supplementary Figure S1 B). If these foci were related to
rotein function, as one might assume given that they form
fter DNA damage induced by MMS-treatment, it seems rea-
onable that they would appear during S-phase, when Rad5
arries out its DNA damage tolerance activities ( 12 , 24 , 33 ).
owever, as Rad5 foci also formed in G1, when Rad5 presum-

bly has no role, they might represent sites of non-functioning
ccumulated protein. 

As MMS-induced Rad5 foci were nuclear, we analysed
hether they colocalized with any known nuclear struc-

ures marked by specific proteins. We did not observe sig-
nificant colocalization of Rad5 foci with the spindle pole
body (marked by SPC42), telomere clusters (Rap1), nu-
cleolus (Nop1) or nuclear pore (Nup84) (Figure 1 C and
Supplementary Figure S1 C, D). However, we found colocal-
ization of Rad5 foci with the intranuclear quality control
compartment (INQ, marked by Cmr1) in a high number of
cells (Figure 1 C and Supplementary Figure S1 C, D). The INQ
plays a role in protein homeostasis by accumulating proteins,
frequently misfolded, in response to various types of stress
( 10 ,34–36 ), suggesting that protein quality control (PQC) may
be a reason for Rad5 recruitment into foci. Additional anal-
ysis showed that, during G1, the single observed Rad5 fo-
cus colocalized with Cmr1, whereas in a high number of S-
phase cells only one of the multiple foci colocalized with Cmr1
(Figure 1 D–G and Supplementary Figure S1 E). We concluded
that, after MMS treatment, Rad5 is recruited into two types
of foci: we termed ‘I-foci’ those that colocalize with Cmr1 at
the INQ and form during G1 and S-phase, and ‘S-foci’ those
that do not colocalize with Cmr1 and form exclusively dur-
ing S-phase. Because a given cell may contain one or both
types of foci, we defined four categories of cells (Figure 1 G
and Supplementary Figure S1 E): (i) ‘Only colocalization’ de-
scribes cells with a single Rad5 focus that colocalizes with
Cmr1 (Rad5 I-foci); (ii) ‘No colocalization’, cells with Rad5
foci that do not colocalize with Cmr1 (Rad5 S-foci); (iii) ‘Mix
colocalization’, cells that contain a Rad5 focus that colocal-
izes with Cmr1 and Rad5 foci that do not (Rad5 I- and S-foci);
(iv) ‘Undefined’, cells with Rad5 foci but no Cmr1 focus with
which to compare their location. Besides their numerical and
cell cycle differences, S-foci were dynamic and transient, while
I-foci were more static and stable ( Supplementary Movie S1 ).

Rad6 drives the formation of both types of Rad5 

foci via divergent pathways 

To study the nature and importance of the two classes of Rad5
foci, we next investigated which might be the potential path-
ways involved in Rad5 relocalization. We found that forma-
tion of both types of foci is fully dependent on the evolutionar-
ily conserved E2-ubiquitin conjugating enzyme Rad6 (Figure
2 A and Supplementary Figure S2 A). This protein is upstream
of Rad5 in the DDT Rad6 / Rad18 pathway ( 12 , 13 , 15 , 37 ) and
is necessary for recruitment of endonucleases to the INQ af-
ter MMS treatment ( 27 ). Since Rad6 interacts with four E3-
ubiquitin ligases (Rad18, Ubr1, Bre1, Ubr2) to carry out dif-
ferent functions via separate pathways ( 38–41 ), we analysed
the potential relevance of all of them for the recruitment of
Rad5 into foci. 

Rad6 together with Rad18 monoubiquitylate PCNA at
K164, triggering DDT mechanisms ( 17 ). In MMS-treated
rad18 � cells, Rad5 did not form S-foci, but it was re-
cruited into I-foci (Figure 2 A and Supplementary Figure 
S2 A). This result was due to lack of PCNA monoubiquity-
lation, as pol30K164R mutant cells exhibited the same phe-
notype as rad18 � cells for Rad5-foci formation, while cells
lacking the E3-SUMO ligase Siz1, which is responsible for
PCNA-sumoylation at K164 and K127 ( 17 ), displayed no
defect (Figure 2 A and Supplementary Figure S2 A). There-
fore, relocalization of Rad5 into S-foci requires a functional
DNA damage tolerance pathway. Of note, DNA lesion-less
replicative stress-induced Rad5 foci are also associated to
a functional Rad6 / Rad18 pathway and depend on PCNA
monoubiquitylation ( 21 ), indicating that recruitment of Rad5

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
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Figure 1. Rad5 is recruited into two types of nuclear foci in response to MMS treatment. ( A ) Fluorescence microscopy analysis of Rad5 foci formation. 
Cy cling RAD5-y eGFP cells (YCL46 strain) w ere e xamined after treatment with 0.033% MMS f or 60 min. Arro ws indicate some f oci e xamples. ( B ) 
Percentage of cells containing Rad5 foci in asynchronous cultures (data from A) and at different stages of the cell cycle. For G1 analysis, cells (YCL46 
strain) were synchronized using α factor and held in G1 (–/ +0.033% MMS, 60 min). For S phase analysis, G1-synchronized cells were released into S 
phase in fresh medium (+0.033% MMS, 60 min, or without MMS, 30 min). For G2 / M analysis, cells were synchronized with nocodazole and held in 
G2 / M (–/ +0.033% MMS, 60 min). ( C ) Analysis of Rad5 foci subnuclear localization after MMS treatment (0.033% MMS, 60 min, logarithmic cultures). 
The figure shows quantification of the percentage of cells in which Rad5-yeGFP colocalizes with proteins that mark different nuclear str uct ures: 
SPC42-eqFP (YCL171 strain), R ap1-mCher ry (YCL173), Nop1-mCherry (YCL146), Nup84-mCherry (YCL169) or Cmr1-mCherry (YCL51). ( D , E ) 
Colocalization of Rad5-foci with Cmr1-foci (YCL51 strain). G1- (D) and S-phase (E) analyses were as described in (B). ( F ) Percentage of cells containing 
Rad5 or Cmr1 foci, from (D, E). ( G ) Percentage of cells containing Rad5 foci and their colocalization patterns with Cmr1 foci, from (D, E). Rad5 I- and 
S-foci are delineated in brackets. A diagram of the possible colocalization patterns between Rad5 and Cmr1 foci is shown. In all cases, the bar graphs 
represent the mean ± SD from three independent experiments. DIC: differential interference contrast (Nomarski): GFP: green fluorescent protein. 
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Figure 2. Rad6 is required for Rad5 S- and I-foci formation via distinct pathways. ( A ) Both Rad5 S- and I-foci depend on Rad6, and S-foci on 
R ad6 / R ad18-mediated PCNA ubiquitylation. For S phase analysis, G1-synchronized cells were released into S phase in fresh medium (+0.033% MMS, 
60 min) and analysed by fluorescence microscopy. Left panel shows data quantification. A diagram of the possible colocalization patterns between Rad5 
and Cmr1 foci is shown. Right panel displays percentage of cells containing each type of Rad5 foci. The percentage of Rad5 I- or S-foci was calculated 
based on the total population of cells analysed using the data from left panel. Statistical significance was calculated between the percentage of cells 
with Rad5 I- or S-foci in the wild type-control and the corresponding Rad5 foci type of each mutant. Strains: wt-control ( RAD5-yeGFP CMR1 -mCherry , 
YCL51), rad6 � (YCL149), rad18 � (YCL126), pol30-K164R (YCL122), siz1 � (YCL132). ( B ) Rad6 / Bre1 / histone H2B and Rad6 / Ubr2 / Rpn4 pathw a y s 
contribute to Rad5 I-foci formation. For S phase analysis, G1-synchronized cells were released into S phase in fresh medium (+0.033% MMS, 60 min) 
and analysed by fluorescence microscopy. Left panel shows data quantification of the fluorescence microscopy analysis. Right panel displays 
percentage of cells containing each type of Rad5 foci, calculated based on the total population of cells analysed using the data from left panel. Statistical 
significance was calculated between the percentage of cells with Rad5 I-foci or S-foci in the wild type-control and each mutant. Strains: wt-control 
(YCL51), rad6 � (YCL149), ubr1 � (YCL151), bre1 � (YCL133), htb1 / htb2-K123A hml � (YCL231), hml � (YCL232), ubr2 � (YCL154), rpn4 �ubr2 � (YCL237), 
bre1 �ubr2 � (Y CL1 56), rad18 �bre1 �ubr2 � (Y CL177). wt-control and rad6 � data are the same as in (A). The htb1 / htb2-K1 32A mutant was combined 
with deletion of the HML locus to make cells responsive to α factor pheromone. ( C ) Rad6 / Bre1 / histone H2B and Rad6 / Ubr2 / Rpn4 pathw a y s contribute 
to Rad5 I-foci formation. For G1 analysis, cells were synchronized using α factor and held in G1 (+0.033% MMS, 60 min). Left panel shows data 
quantification of the fluorescence microscopy analysis. Right panel displays percentage of cells containing each type of Rad5 foci, calculated based on 
the total population of cells analysed using the data from left panel. Statistical significance was calculated between the percentage of cells with Rad5 
I-foci in the wild type-control and each mutant. Strains: wt-control (YCL51), bre1 � (YCL133), htb1 / htb2-K123A hml � (YCL231), hml � (YCL232), ubr2 �
(Y CL1 54), rpn4 �ubr2 � (YCL237), bre1 �ubr2 � (YCL156). In all cases, the bar graphs represent the mean ± SD from three independent experiments. 
Only statistically significant P values ( P < 0.01) are shown. 
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into both these foci and into MMS-induced S-foci requires the
same relocalization signal. 

In contrast to the requirement for Rad18, there was no ef-
fect on Rad5 foci formation in cells lacking the E3-ubiquitin
ligase Ubr1 (Figure 2 B and Supplementary Figure S2 B), which
is involved in protein degradation via the N-degron path-
way ( 39 ). We then analysed cells lacking the E3-ubiquitin lig-
ase Bre1, which mono-ubiquitylates histone H2B at K123,
leading to chromatin remodelling and several downstream
effects including transcriptional regulation ( 42 ). A bre1 �

mutant showed a strong decrease in the number of MMS-
treated cells with Rad5 I-foci in S-phase, with minor effects
on S-foci (Figure 2 B and Supplementary Figure S2 B). G1-
analysis, which provides a cleaner result as G1-cells only con-
tain I-foci (Figure 1 D-G), also showed an important reduc-
tion in the number of bre1 � cells with I-foci (Figure 2 C and
Supplementary Figure S2 C). Moreover, a non-ubiquitylable
histone H2B mutant ( htb1 / htb2-K132A ) displayed a similar
phenotype to bre1 � (Figure 2 B, C and Supplementary Figure 
S2 B, C). Therefore, Rad5 recruitment into I-foci has a mean-
ingful, albeit partial, Bre1-dependency via histone H2B ubiq-
uitylation. We then examined the fourth known Rad6 E3-
ubiquitin ligase partner, Ubr2. ubr2 � cells also underwent a
significant reduction in Rad5 I-foci in G1 and S-phase MMS-
treated cells (Figure 2 B, C and Supplementary Figure S2 B,
C). Ubr2 negatively regulates the transcription factor Rpn4
by ubiquitylation, favouring its degradation ( 40 ), which re-
duces the expression of proteasome genes. We reasoned that
if the Rad5 I-foci dependency on Ubr2 were due to the de-
scribed unchecked high levels of Rpn4 in ubr2 � cells ( 43 ),
RPN4 deletion should rescue the depleted Rad5 I-foci in this
background. As expected, MMS-treated rpn4 �ubr2 � cells
showed a complete rescue of I-foci formation (Figures 2 B, C,
and Supplementary Figure S2 B, C). Therefore, MMS-induced
Rad5 I-foci have an important dependency on Rad6 / Ubr2
ubiquitin-mediated downregulation of Rpn4, strongly sug-
gesting that proteasome activity modulates their formation.
Of note, Rad5 I-foci were absent in bre1 �ubr2 � cells (Fig-
ures 2 B, C, and Supplementary Figure S2 B, C), reflecting the
requirement of both Rad6 / Bre1 / H2B and Rad6 / Ubr2 / Rpn4
pathways for I-foci formation. Furthermore, the triple mutant
rad18 �bre1 �ubr2 � showed neither I-foci nor S-foci (Figure
2 B and Supplementary Figure S2 B), phenocopying rad6 � and
confirming the full Rad6-dependency, via three of its path-
ways, for Rad5 relocalization. 

Rad5 is recruited into each type of foci through 

different mechanisms 

Next, we studied the mechanisms by which Rad5 could be
transported into each type of foci. We first analysed the po-
tential involvement of the Btn2 chaperone in Rad5 relocaliza-
tion, as it was shown necessary for the formation of the INQ
compartment ( 10 , 27 , 34 , 35 ), where Rad5 I-foci are located.
btn2 � cells displayed no Rad5 I-foci after MMS treatment in
G1 or S-phase, while S-foci were unaffected, indicating Btn2
is involved in sequestering Rad5 into I-foci (Figure 3 A, B and
Supplementary Figure S3 A, B). Of note, rad18 �btn2 � cells
showed no foci, phenocopying rad6 � cells (Figure 3 A, B and
Supplementary Figure S3 A), thus confirming that the ‘unde-
fined’ Rad5-foci (those appearing in cells lacking Cmr1-foci)
found in btn2 � cells were indeed S-foci, since these depend
on Rad18, as we showed in the previous section. Importantly,
Btn2 itself forms stress-induced foci that localize to the INQ 

and cytoQ ( 34 ,44 ), the latter being a cytosolic PQC compart- 
ment. Moreover, Btn2 relocalization to INQ is necessary for 
the recruitment of other proteins to this compartment ( 44 ).
As expected, MMS treatment induced relocalization of Btn2 

into foci, some of which were nuclear, colocalizing with Rad5 

at the INQ, while others were cytoplasmic, marking cytoQ 

(Figure 3 C, D). Remarkably, in rad6 � cells, Btn2 was barely 
recruited into foci (Figure 3 D), indicating that Rad6 is a reg- 
ulator of Btn2 relocalization. This result, together with the 
genetic dependencies shown above, present Rad6 as a mas- 
ter protein coordinating Rad5 foci formation via different 
pathways. 

Given that Btn2 transports Rad5 specifically into I-foci but 
not S-foci, there should be another mechanism for Rad5 re- 
localization into the latter. A computer-generated model pre- 
dicts Rad5 to contain several intrinsically disordered regions 
(IDRs) ( Supplementary Figure S3 C). IDRs participate in weak 

multivalent molecular interactions and are frequent in pro- 
teins that undergo liquid-liquid phase separation, resulting in 

the formation of liquid droplets ( 45 ,46 ). To analyse whether 
this could be the case for Rad5, we treated cells contain- 
ing MMS-induced Rad5 foci with 1,6-hexanediol, which can 

dissolve liquid-like condensates in vivo ( 47–49 ). As a nega- 
tive control we used the isomer 2,5-hexanediol, which has 
minimal condensate-dissolving activity ( 50 ,51 ). The treatment 
with 1,6-hexanediol, but not with 2,5-hexanediol, caused a 
sharp decrease in the number of cells containing S-foci, but 
not I-foci (Figure 3 E, F and Supplementary Figure S3 D, E),
strongly indicating that the former may represent condensates 
formed by liquid-liquid phase separation. 

Genotoxic stress induces S-foci while proteotoxic 

stress gives rise to I-foci 

The cellular stress agent we have used thus far, MMS, is gen- 
erally regarded as genotoxic because it causes DNA damage 
( 52 ). However, MMS can also methylate proteins, which may 
lead to protein misfolding ( 53–55 ) and could explain Rad5 

recruitment into I-foci at the INQ compartment. If this were 
the case, we reasoned that I-foci formation should exhibit an 

MMS dose-dependent response. In agreement with this idea,
treatment with a ‘high’ MMS concentration (0.33%) yielded 

a significant increase in the number of cells with I-foci in 

comparison with the ‘standard’ concentration used (0.033%) 
(Figure 4 A and Supplementary Figure S4 A). Interestingly, this 
treatment also caused a marked decrease in the number of cells 
containing S-foci (Figure 4 A and Supplementary Figure S4 A).
These data suggest that the high MMS dose causes so much 

damage to Rad5 that most of the protein is recruited to the 
INQ with little functional protein left over for recruitment 
into S-foci. Conversely, treatment with a ‘low’ MMS concen- 
tration (0.0033%) induced only S-foci, as confirmed by the 
absence of undefined Rad5-foci when deleting RAD18 (Fig- 
ure 4 A and Supplementary Figure S4 A). This result correlates 
a low MMS dose, which still needs to be tolerated by Rad5 

( 24 ), with the presence of S-foci, and suggests only DNA is 
significantly damaged under these conditions, thereby relating 
these foci to DNA damage tolerance. 

To further differentiate between DNA and protein insults 
and their relation with each type of foci, we treated cells with 

different cellular stress-inducing agents and analysed Rad5 

foci formation (Figure 4 B, C and Supplementary Figure S4 B).
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Figure 3. Rad5 is recruited into I- or S-foci by different mechanisms. ( A , B ) Btn2 is required for Rad5 I-foci formation. For S phase analysis (left panels), 
G1-synchronized cells were released into S phase in fresh medium (+0.033% MMS, 60 min) and analysed by fluorescence microscopy. For G1 analysis 
(right panels), cells were synchronized using α factor and held in G1 (+0.033% MMS, 60 min). (A) Data quantification of the fluorescence microscopy 
analysis. A diagram of the possible colocalization patterns between Rad5 and Cmr1 foci is shown. (B) Percentage of cells containing each type of Rad5 
foci, calculated based on the total population of cells analysed using the data from (A). Statistical significance was calculated between the percentage of 
cells with Rad5 I-foci in the wild type-control and each mutant. wt-control data are the same as in Figure 2 . Strains: wt-control (YCL51), btn2 � (YCL148), 
rad18 �btn2 � (Y CL1 98). ( C , D ) Btn2 f orms f oci that colocaliz e with Rad5 I-f oci and depend on Rad6 . Analy sis of cy cling cells (–/ +0.033% MMS, 60 min). 
(C) Example photo of RAD6 + cells. (D) Upper panel: data quantification of Btn2 foci and their colocalization with Rad5 foci. Lower panel: percentage of 
cells containing Btn2 or Rad5 foci in RAD6 + or rad6 � cells, calculated based on the total population of cells analysed using the data from the abo v e 
panel. Statistical significance was calculated between the percentage of cells with Btn2-foci in RAD6 + and the rad6 � mutant. Strains: RAD5-yeGFP 
BTN2-mCher ry (YCL175), rad6 � RAD5-yeGFP BTN2-mCher ry (YCL208). ( E , F ) Rad5 S-foci are very likely formed by liquid-liquid phase separation. Cycling 
cells ( RAD5-yeGFP CMR1-mCherry , YCL51 strain) were treated with 0.033% MMS, 60 min. The culture was then split in two and grown for an 
additional 60 min in the presence of 0.033% MMS, with the addition of 2.5% 1,6-hexanediol and 1 μg / ml digitonin, or just digitonin (control). (E) 
Example photos. (F) Upper panel: data quantification showing the percentage of cells containing each type of foci before and after hexanediol treatment. 
L o w er panel: percentage of cells containing each type of Rad5 foci, calculated based on the total population of cells analysed using the data from the 
abo v e panel. Statistical significance was calculated between the percentage of cells treated 60 min with 0.033% MMS containing Rad5 I- or S-foci and 
the corresponding Rad5 foci type after treatment or not with hexanediol. In all cases, the bar graphs represent the mean ± SD from three independent 
experiments. Only statistically significant P values ( P < 0.01) are shown. 
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Figure 4. Rad5 S- and I- foci form in response to genotoxic and proteotoxic stress, respectively. ( A ) MMS dose affects Rad5 relocalization. Cycling cells 
were treated as indicated for 60 min and analysed by microscopy. Upper panel: percentage of cells containing each type of Rad5 foci. A diagram of the 
possible colocalization patterns between Rad5 and Cmr1 foci is shown. Lower panel: percentage of cells containing each type of Rad5 foci, calculated 
based on the total population of cells analysed using the data from the abo v e panel. Statistical significance was calculated between the percentage of 
cells treated with 0.033% MMS containing Rad5 I- or S-foci and the corresponding Rad5 foci type of the other treatment conditions. Strains: wt-control 
( RAD5-yeGFP CMR1 -mCherry , YCL51), rad18 � RAD5-yeGFP CMR1-mCherry (Y CL1 26). ( B , C ) Rad5 foci formation in response to different dr ugs. C ycling 
cells were treated for 60 min, except AZC (120 min) as follows: 200 mM HU, 0.5 mM cisplatin, 0.5 μg / ml 4NQO, 100 μg / ml zeocin, 0.4 mM H 2 O 2 , 1 
mg / ml AZC. DMSO (solvent) is a control for cisplatin. Strains: YCL51, YCL126. (B) Example photos. (C) Left panel: quantification of Rad5 foci. Right 
panel: percentage of cells containing each type of Rad5 foci, calculated based on the total population of cells analysed using the data from the left panel. 
Statistical significance was calculated between the percentage of untreated cells containing I-foci, S-foci, or undefined Rad5-foci and the corresponding 
Rad5 foci type of the other treatment conditions. Strains: wt-control ( RAD5-yeGFP CMR1 -mCherry , YCL51), rad18 � RAD5-yeGFP CMR1-mCherry 
(Y CL1 26). ( D ) Analysis of spontaneous Rad5 foci in untreated DNA repair mutants. Cycling cells were analysed by fluorescence microscopy. Left panel: 
quantification of Rad5 foci. Right panel: percentage of cells containing each type of Rad5 foci, calculated based on the total population of cells analysed 
using the data from the left panel. Statistical significance was calculated between the percentage of cells with each type of Rad5 foci in the wild 
type-control and the corresponding Rad5 foci type of each mutant. Strains: wt-control (YCL51), rad52 � (YCL199), rad14 � (YCL183), apn1 � (YCL131), 
apn1 � rad14 � (YCL202), rad18 � apn1 � rad14 � (YCL239). In all cases, the bar graphs represent the mean ± SD from three independent experiments. 
Only statistically significant P values ( P < 0.01) are shown. 
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rugs expected to only affect DNA, such as cisplatin and
ydroxyurea, induced only S-foci, confirmed by the elimina-
ion of undefined Rad5-foci when deleting RAD18 ; drugs that
nly affect proteins, such as the proline analogue azetidine-
-carboxylic acid (AZC), caused formation of only I-foci;
rugs that, like MMS, affect both DNA and proteins, such
s 4NQO and H 2 O 2 , induced I- and S-foci (Figure 4 B, C and
upplementary Figure S4 B). Therefore, a correlation exists be-
ween the type of cellular stress and the type of Rad5 foci
ormed. Importantly, drugs that induce S-foci cause problems
hat must be overcome by Rad5, as rad5 � cells are sensitive
o these compounds ( 56–58 ). These data show a direct link
etween Rad5-mediated tolerance of genotoxic stress and re-
ruitment of this protein into S-foci, consistent with these be-
ng possible sites of protein activity. Moreover, the number of
ells containing spontaneous S-foci significantly increased in a
ase excision repair and nucleotide excision repair double mu-
ant, confirmed by the reduction of undefined Rad5-foci when
eleting RAD18 (Figure 4 D and Supplementary Figure S4 C),
ikely due to an accumulation of endogenous DNA dam-
ge. This additionally associates S-foci with genotoxic stress,
hether of exogenous or endogenous origin. 

ad5 S-foci are linked to sites of DDT function 

he above data on S-foci, such as the requirement of a func-
ional DDT pathway for their formation, their occurrence
nly during S-phase, and the fact that they are induced by
enotoxic stress, suggest that these foci are related to Rad5
unction. If this were the case, one might expect Rad5 S-foci
o be spatially associated with proteins of the Rad6 / Rad18
DT pathway. As Rad18 is required for both the formation
f S-foci and Rad5 function in DDT, we analysed the possi-
le colocalization of Rad5 and Rad18. We found that, like
ad5, Rad18 also relocalized to foci in response to MMS

reatment during S phase ( Supplementary Figure S5 A, B). Of
ote, Rad18 formed multiple foci per cell and, in a moderate
umber of cells, one of these foci colocalized with Cmr1 at
he INQ ( Supplementary Figure S5 A, B). To examine whether
he non-INQ Rad18 foci colocalize with Rad5 S-foci, we anal-
sed colocalization between Rad18 and Rad5 in btn2 � cells,
hich are unable to form INQ. We observed a high number of

ells containing Rad18 foci that colocalized with Rad5 S-foci
Figure 5 A, B), showing a spatial association of S-foci with the
ad6 / Rad18 DDT pathway and thus supporting that they are

elated to Rad5 function. 
To further study the spatial association of Rad5 with the

DT pathway, we investigated the possible colocalization of
ad5 S-foci with MMS-induced foci of Rfa1, the large sub-
nit of RPA, since the coating of ssDNA by RPA following
ork stalling is the signal to activate DDT ( 16 ). There was a
igh degree of overlap between Rad5 S-foci and Rfa1 foci
fter MMS treatment (Figure 5 C, D), which supports that
-foci are related to DDT sites. It was shown recently that
MS-induced Rfa1-foci mark post-replicative repair territo-

ies (PORTs) ( 59 ), defined as clusters of ssDNA that arise from
NA polymerase blocking lesions in the wake of replication

orks ( 59 ). Therefore, Rad5 might colocalize with Rfa1 be-
ind replication forks, suggesting that S-foci represent post-
eplicative sites of DDT activity. 

To continue the analysis of the potential link of S-foci with
ad5 function, we next studied whether these foci associate
ith sites of DNA damage where Rad5 would promote DNA
lesion bypass ( 24 , 33 , 60 , 61 ). Rad5 and its human homologue
HLTF require the HIRAN domain for binding to DNA and
PCNA ( 61–64 ). A recently described Rad5 HIRAN mutant
( rad5-3RE ) disrupts protein binding to DNA in vitro and
impedes MMS-induced Rad5-chromatin association ( 62 ). We
found that MMS-treated rad5-3RE cells displayed complete
absence of S-foci with no effect on I-foci (Figure 5 E, F and
Supplementary Figure S5 C), supporting that S-foci are indeed
sites where Rad5 accumulates and associates with damaged
chromatin. Although the importance of the HIRAN domain
for Rad5 foci formation was previously described ( 25 ), only a
partial reduction in the number of HIRAN mutant cells with
Rad5 foci had been observed. This partial reduction can now
be explained by the existence of two types of Rad5 foci, given
our result that the HIRAN domain is required for the for-
mation of only S-foci but not I-foci. As the HIRAN domain
is required for the binding of Rad5 to DNA, one would ex-
pect the response to DNA damage or replicative stress to be
compromised in HIRAN mutants, despite the fact that over-
all protein folding is unaffected and they retain Rad5 activi-
ties ( 62 ,64 ). Accordingly, rad5-3RE cells are more sensitive to
chronic treatment with MMS or HU than wild type cells ( 62 ).
In a more specific analysis, we found that rad5-3RE cells un-
derwent a steep viability drop when treated with MMS during
a single S-phase (Figure 5 G), which may correlate the presence
of S-foci, where Rad5 is recruited following genotoxic stress,
with the ability to tolerate DNA damage during chromosome
replication. 

Since Rad5 allows the bypass of unrepaired DNA lesions
that interfere with the progression of replication forks, we
also analysed the relevance of the Mec1 / Rad53 checkpoint
(ATR / Chk1, human functional homologues) for Rad5 relo-
calization, as this pathway prevents fork collapse in the pres-
ence of DNA damage or replicative stress ( 32 , 65 , 66 ). Re-
cruitment of Rad5 into foci was barely affected in mec1 � or
rad53 � mutants (Figure 5 H and Supplementary Figure S5 D),
indicating that the S-phase checkpoint is not required for
Rad5 relocalization and, in turn, that the establishment or
maintenance of MMS-induced Rad5 S-foci do not rely on in-
tact replication forks. 

I-foci represent sites of sequestration of 
non-functional Rad5 for subsequent refolding 

I-foci are clearly different to S-foci, and the fact that their
formation is modulated by Ubr2-mediated downregulation of
Rpn4 points to a link with proteasome activity. Proteasome-
mediated degradation is one of the mechanisms for coping
with misfolded proteins, and thus a key component of the pro-
teostasis network. Many proteins are recruited to the INQ af-
ter proteasome inhibition ( 34 ), but we found that while treat-
ment with the proteasome inhibitor MG132 strongly induced
Cmr1 foci, as shown before ( 34 ), there was little induction of
Rad5 foci (Figure 6 A and Supplementary Figure S6 A). How-
ever, a combined treatment with MMS and MG132 caused
a sharp increase in the number of cells with I-foci, but not
S-foci, with respect to just MMS treatment (Figure 6 A and
Supplementary Figure S6 A), suggesting that a significant frac-
tion of MMS-damaged Rad5 molecules are sent to I-foci when
they cannot be degraded by the proteasome. 

Given that Rad6 is a negative modulator of the proteasome
via Ubr2, we next investigated if the dependency on Rad6 for
I-foci formation could be bypassed by proteasome inhibition.
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Figure 5. Rad5 S-foci are linked to sites of DDT function. ( A , B ) Colocalization of Rad5-foci and Rad18-foci in btn2 � cells. G1-synchronized cells were 
released into S phase in fresh medium (+0.033% MMS, 60 min) and analysed by fluorescence microscopy. (A) Example photo. (B) Left panel: 
quantification of the number of cells containing Rad18-foci or Rad5-foci. Right panel: quantification of Rad5-foci overlap with Rad18-foci. Strain: btn2 �
RAD18-yeGFP RAD5-mCherry (YCL241). ( C , D ) Rad5 S-foci localize to PORTs. G1-synchronized cells were released into S phase (+MMS 0.033%, 60 
min) and analysed by fluorescence microscopy. (C) Example photos. (D) Left panel: quantification of the number of cells containing Rad5-foci or Rfa-foci. 
Right panel: quantification of Rad5-foci overlap with Rfa1-foci. Strain: RAD5-yeGFP RFA1-mCherry (YCL57). ( E , F ) Rad5’s HIRAN domain is required for 
S-f oci f ormation. G1-synchroniz ed cells w ere released into S phase (+MMS 0.033%, 60 min) and analy sed b y fluorescence microscop y. (E) Example 
photo. (F) Left panel: quantification of Rad5 foci. A diagram of the possible colocalization patterns between Rad5 and Cmr1 foci is shown. Right panel: 
percentage of cells containing each type of Rad5 foci, calculated based on the total population of cells analysed using the data from the left panel. 
Statistical significance was calculated between the percentage of cells with Rad5 I- or S-foci in the wild type-control and the corresponding Rad5 foci 
type of the rad5-3RE mutant. Strains: wt control (YCL51), rad5-3RE-yeGFP (YCL186). ( G ) Cell viability analysis. G1-synchronized cells were released into 
S phase (–/ + 0.033% MMS) to study cell viability. Left panel: cell cycle progression was monitored by flow cytometry. Right panel: sensitivity to MMS 
during S phase. Strains: YCL51, YCL186. ( H ) Rad5 foci formation does not require the S-phase c hec kpoint. G1-sync hronized cells were released into S 
phase (+MMS 0.033%, 60 min) and analysed by fluorescence microscopy. Upper panel: quantification of Rad5 foci. wt-control data are as in (F). Lower 
panel: percentage of cells containing each type of Rad5 foci, calculated based on the total population of cells analysed using the data from the abo v e 
panel. Strains: wt-control (YCL51), rad53 �sml1 � (YCL137), mec1 �sml1 � (YCL152). In all cases, the bar graphs or values represent the mean ± SD 

from three independent experiments. Only statistically significant P values ( P < 0.01) are shown. 
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ad6 � cells treated with MMS plus MG132 showed a strong
escue of Rad5 I-foci but not S-foci as compared to just MMS
reatment (Figure 6 A, B and Supplementary Figure S6 A), in-
icating that proteasome inhibition by Rad6 is important for
ad5 recruitment into I-foci. The absence of Rad6 very likely

eads to increased proteasome activity via elevated levels of
pn4, and possibly via misregulated gene expression involv-

ng the Rad6 / Bre1 / histone H2B pathway. 
Taking the above into account, we asked whether the ab-

ence of Rad5 foci in G2 / M cells treated with MMS (Fig-
re 1 B and Supplementary Figure S1 B) could be explained
y proteasome activity. We found that proteasome inhibition
y MG132 in MMS-treated G2 / M arrested cells significantly
nduced the formation of Rad5 I-foci, but not S-foci (Figure
 C, D and Supplementary Figure S6 B). This result indicates
hat in G2 / M, unlike G1 or S phase, degradation of damaged
r misfolded Rad5 via proteasome is strongly favoured over
ecruitment into I-foci. Moreover, protein recruitment to the
NQ in G2 / M appears to be hindered in general by protea-
ome activity, as we detected only a small number of MMS-
reated G2 / M cells containing Cmr1 foci, which increased
ery significantly after treatment with MG132 (Figure 6 C, D
nd Supplementary Figure S6 B). 

Misfolded proteins at INQ can later be degraded or re-
olded, needing to be first disaggregated by two competing
haperones: Apj1 and Hsp104, which favour protein degra-
ation and refolding, respectively ( 35 ,67 ). If it is indeed mis-
olded Rad5 that is recruited into I-foci, these might be disag-
regated by one of these chaperones. We found that in wild-
ype control cells, both Rad5 S- and I-foci gradually resolved
fter MMS removal, correlating with S-phase progression, as
hown by flow cytometry (Figure 6 E, F and Supplementary 
igure S6 C). This shows that recruitment into I- and S-foci are
eversible processes. In apj1 � cells, Rad5 foci resolved simi-
arly to the control, meaning Apj1 is not necessary for I-foci
esolution and suggesting Rad5 at I-foci is not targeted for
egradation. In stark contrast, Rad5 I-foci did not resolve in
sp104 � cells (Figure 6 E, F and Supplementary Figure S6 C),
ndicating Hsp104 is essential for I-foci dissolution and in turn
trongly suggesting Rad5 recruited into these foci can later be
efolded into functional protein. Taken these and above data
ogether, we propose I-foci represent sites of sequestered non-
unctional Rad5 for later refolding, indicating these foci play
 role in protein homeostasis. 

iscussion 

he Rad5 / HLTF protein plays a central role in the tolerance
o unrepaired DNA lesions during chromosome replication,
nd is therefore fundamental in the cellular response to DNA
amage. In this work we have investigated the spatial regu-
ation of S. cerevisiae Rad5 and found that its intranuclear
elocalization into two types of nuclear foci under conditions
f cellular stress is linked to both its function in DNA dam-
ge tolerance and its own homeostasis, exemplifying the inter-
onnection between the networks involved in genome stability
aintenance and proteostasis. 
Our conclusion that Rad5 S-foci are related to the activ-

ty of this protein in DNA damage tolerance is supported
y several data. Thus, S-foci formation occurs only during S
hase, when Rad5 exerts its function, and requires a func-
ional upstream DDT pathway, as it is dependent on PCNA
onoubiquitylation by Rad6 / Rad18. Also connecting Rad5
S-foci to DDT is their colocalization with both DNA damage-
induced Rad18- and Rfa1-foci. Another correlation between
S-foci and DDT function is that they form not only in response
to MMS, but also after treatment with different drugs that
cause genotoxic stress and lead to problems that must be over-
come by Rad5 ( 56–58 ), as well as in mutants that accumulate
endogenous DNA damage. 

Importantly, formation of S-foci, but not I-foci, requires the
HIRAN domain of Rad5. The requirement of this domain for
Rad5 association with chromatin under conditions of DNA
damage ( 62 ) supports that S-foci represent sites of Rad5 re-
cruitment to damaged chromatin. In addition, the correlation
between the absence of S-foci in rad5 -HIRAN mutant cells
and the loss of viability they undergo after MMS treatment
during a single S-phase is consistent with these foci being im-
portant for Rad5 function. In this regard, while Rad5 HIRAN
mutants retain ubiquitylation activity in vitro ( 62 ,64 ), the
marked reduction in their ability to polyubiquitylate PCNA
in vivo ( 62 ) may be explained by the inability of the Rad5-
HIRAN mutant to form S-foci and thus to accumulate at the
sites of DNA lesions, which would hinder its interaction with
PCNA. In turn, this failure in PCNA polyubiquitylation could
explain the impossibility of a subsequent function of the pro-
tein in DDT even though Rad5 HIRAN mutants maintain
proper folding and activities ( 62 ,64 ), which would account for
the loss of cell viability after MMS treatment in rad5-HIRAN
mutant cells. 

Our results indicate that Rad5 S-foci, but not I-foci, are
very likely formed by liquid-liquid phase separation. Phase
separation of Rad5 into liquid-like condensates could help the
protein to transiently concentrate at sites of DNA lesions. As
Rad5 S-foci formation is dependent on PCNA monoubiquity-
lation, it may be that this modification is the nucleation event
that triggers Rad5 protein phase separation to form this type
of foci. It is also possible that the HIRAN domain is involved
in this process, as the potential of some proteins to phase sep-
arate in vivo depends on their ability to bind DNA ( 68 ). Re-
garding the resolution of Rad5 S-foci, our data show that they
are not the final fate of the protein but rather dissolve grad-
ually after MMS removal and in concert with the completion
of chromosome replication, suggesting that they disaggregate
after Rad5 has completed its function in DDT. 

Unlike Rad5 S-foci, Rad5 I-foci are not directly related to
Rad5 function, but instead we propose they represent sites of
recruitment of damaged or misfolded Rad5 associated with
the quality control of this protein. This conclusion was ini-
tially based on: (i) I-foci formation does not depend on a
functional RAD6 / RAD18 DDT pathway; (ii) I-foci colocal-
ize with INQ compartments; (iii) I-foci form when cells are
treated with agents that result in proteotoxic stress, regard-
less of whether, like MMS, they also cause genotoxic stress,
but not with those that only affect DNA. Concerning MMS,
this model drug is widely used as, and considered to be, a com-
pound that causes DNA damage, with little concern for the
fact that it can also damage proteins, possibly triggering their
misfolding ( 53–55 ). Our data strongly suggest that it would
not be the genotoxic effect of MMS that induces the relocal-
ization of the protein to I-foci, but the proteotoxic stress that
acts directly on Rad5. 

While the formation of I-foci, like S-foci, is driven by Rad6,
relocalization of Rad5 to the former involves pathways out-
side of Rad6 / Rad18 DDT. Thus, recruitment of Rad5 into I-
foci requires both Rad6 / Ubr2 / Rpn4 and Rad6 / Bre1 / histone

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1176#supplementary-data
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Figure 6. I-foci are sites of recruitment of non-functional Rad5 for later refolding. ( A , B ) Combined MMS and MG132 treatment increases Rad5 I-foci and 
bypasses the Rad6 dependency. Cycling cells were treated for 60 min with either 0.033% MMS, 75 μg / ml MG132, or both. DMSO (solvent) is a control 
for MG132. (A) Upper panel: quantification of Rad5 foci. A diagram of the possible colocalization patterns between Rad5 and Cmr1 foci is shown on the 
far right of the Figure. Lower panel: percentage of cells containing each type of Rad5 foci, calculated based on the total population of cells analysed using 
the data from the upper panel. Statistical significance between the number of cells with I-foci comparing relevant treatment conditions is shown. (B) 
Example photo of rad6 � cells treated with MMS + MG132. Strains: wt-control (YCL51), rad6 � (YCL149). ( C , D ) Combined MMS and MG132 treatment 
allo ws f or f ormation of Rad5 I-f oci during G2 / M phase. G2 / M synchroniz ed cells w ere treated f or 60 min with either 0.033% MMS, 75 μg / ml MG132, 
or both. DMSO (solvent) is a control for MG132. (C) Upper panel: quantification of Rad5 foci. Lower panel: percentage of cells containing each type of 
Rad5 foci, calculated based on the total population of cells analysed using the data from the upper panel. Statistical significance between the number of 
cells with I-foci comparing relevant treatment conditions is shown. (D) Example photo of G2 / M cells treated with MMS + MG132. Strain: YCL51. ( E, F ) 
Rad5-foci resolution time course. I-foci resolution requires the Hsp104 disaggregase. G1-synchronized cells were released into S phase (+0.033% MMS, 
60 min). MMS was removed and cells were allowed to progress in S phase for 120 min, monitored by flow cytometry (E, left panel), with samples taken 
f or microscop y analy sis. Right panel: quantification of the percent age of cells with each t ype of Rad5 f oci during the e xperiment. (F) L eft panel: 
percentage of cells containing Rad5 S-foci. Right panel: percentage of cells containing Rad5 I-foci. All percentages were calculated based on the total 
population of cells analysed using the data from (E). Relevant P values are shown. Strains: wt-control (YCL51), apj1 � (YCL212), hsp104 � (YCL165). The 
e xperiment w as conducted in duplicate. T he bar graphs represent the mean ± SD from three independent e xperiments. R ele v ant P v alues are sho wn. 
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Figure 7. Model for spatial regulation of DNA damage tolerance protein Rad5 in response to MMS-induced cellular stress. The alkylating compound 
MMS causes both genotoxic and proteotoxic stress, and its use as a model stress agent shows that subnuclear relocalization of Rad5 is important for 
both genome and proteome st abilit y. We propose a model for MMS-induced recruitment of Rad5 into foci, with Rad6 as a key factor interconnecting 
genome st abilit y maintenance and proteost asis net w orks. MMS-induced DNA lesions f orce replication f orks to stall. Man y stalled f orks are o v ercome b y 
re-priming, which lea v es behind ssDNA gaps that are co v ered b y RPA and recruited to post-replicativ e territories (POR Ts). RPA triggers DDT b y 
recruitment of R ad6 / R ad18 to monoubiquitylate PCNA. This in turn causes Rad5 relocalization into S-foci at the PORTs via a process likely involving 
liquid-liquid phase separation and recognition of PCNA and / or ssDNA by the Rad5 HIRAN domain. Recruitment of Rad5 into S-foci would favour 
Rad5-mediated template switching to fill in ssDNA gaps, allowing cells to complete chromosome replication. Ho w e v er, some Rad5 molecules are also 
damaged and misfolded by MMS. Rad6 here acts via the R ad6 / Bre1 / histoneH2B and R ad6 / Ubr2 / Rpn4 pathw a y s to do wnregulate the proteasome, and 
through the Btn2 sequestrase to recruit damaged / misfolded Rad5 into I-foci at the INQ compartment. This process favours protein quality control by 
a v oiding non-functional Rad5 at sites of DNA damage while pre v enting its degradation. Non-functional Rad5 recruited at I-foci can later be refolded via 
the Hsp104 / Hsp70 chaperone system into functional Rad5 that would then be available to carry out DNA damage tolerance. 
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2B pathways. The involvement of the former in Rad5
-foci formation suggests that protein recruitment into these
oci is modulated by proteasome activity. This idea is rein-
orced by the fact that exogenous proteasome inhibition in-
reases MMS-induced recruitment of Rad5 into I-foci, sug-
esting that the MMS damages the protein, resulting in some
f the molecules being degraded by the proteasome while oth-
rs are recruited into I-foci, with proteasome activity deciding
he balance between these two fates. This conclusion is fur-
her supported by our data that exogenous proteasome in-
ibition in rad6 � MMS-treated cells is sufficient to rescue
he formation of Rad5 I-foci, but not S-foci, as well as by
he result that in G2 / M cells treated with MMS, which do
ot show foci, proteasome inhibition induces the formation of
ad5 I-foci. The latter suggests that, once cells have reached
rometaphase, recruitment of damaged or misfolded proteins
nto this type of foci may not be beneficial for the cell and, in-
tead, these proteins are targeted for degradation. Moreover,
he fact that only Rad5 I-foci are formed when the protea-
ome is inhibited in MMS-treated G2 / M cells is consistent
ith S-foci being associated with chromosome replication.
iven that Rad6 / Bre1-dependent histone H2B ubiquitylation

s also important for Rad5 recruitment into I-foci, we believe
t is possible that Rad6 / Bre1 may also influence the expres-
ion of proteasome-related genes, contributing together with
ad6 / Ubr2 to downregulate proteasome activity and favour
Rad5 relocalization into I-foci. We propose a model whereby
misfolded or damaged Rad5 can be recruited into I-foci or
degraded by the proteasome, with Rad6, through two com-
plementary pathways, being a key factor that decides the fate
of Rad5. 

The dynamics of formation and disaggregation of Rad5
I-foci, driven respectively by the Btn2 sequestrase and the
Hsp104 chaperone, is consistent with the idea they are com-
posed of misfolded or damaged Rad5 molecules. Btn2 is not
only required for I-foci formation but also relocalizes like
Rad5 to INQ, which is necessary for its function in protein
sequestration ( 44 ). We showed that Rad6 is required for Btn2
recruitment into these foci, indicating that it is a key regula-
tor of this chaperone. Interestingly, Btn2 foci form following
proteasome inhibition ( 34 ), and Btn2 protein levels are stabi-
lized by both proteasome inhibition and MMS treatment ( 10 ).
It is therefore possible that the modulatory effect of Rad6 on
proteasome activity contributes to relocalization of Rad5 into
I-foci not only by inhibiting degradation of Rad5, but also by
favouring the accumulation of Btn2 to the levels required for
this chaperone to be recruited to INQ and carry out its seques-
trase function. Like S-foci, I-foci are not the final destination
of Rad5, as they disaggregate once the cellular stress disap-
pears. Notably, I-foci resolution requires Hsp104, which facil-
itates protein refolding, and not Apj1, which favours protein
degradation ( 35 ,67 ). Together with the above, these data



1170 Nucleic Acids Research , 2024, Vol. 52, No. 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1633–1643.
strongly suggest that misfolded Rad5 is recruited into I-foci as
an alternative to proteasome degradation and that the whole
process occurs to ultimately favour refolding of misfolded
Rad5 protein, indicating a proteostasis function for I-foci. Re-
cruitment into I-foci might protect cells from the potential
toxicity of misfolded Rad5, or it may simply function as a
filter to favour the recruitment of unadulterated protein into
S-foci, thereby ensuring that only functional Rad5 is recruited
to sites of DDT. Protein refolding after recruitment into I-foci
instead of degradation may be advantageous for maintaining
high levels of functional Rad5 in the presence of continued
cellular stress, which would ensure efficient DNA damage tol-
erance activity. Future studies will be necessary to analyse how
Rad5 can refold after being damaged and sequestered, as well
as to decipher the exact contribution of this process to DNA
damage tolerance. 

Beyond the importance for the function and homeostasis
of the DNA damage tolerance protein Rad5, its spatial reg-
ulation in response to cellular stress by recruitment into two
different types of coexisting nuclear foci provides a model to
illustrate the interconnection between genome stability main-
tenance and proteostasis networks (Figure 7 ). This model in
turn helps to understand cellular homeostasis as a whole. As
explained, the differential relocalization of Rad5 into S- or I-
foci is linked through a common dependency on Rad6, which
emerges as a key protein connecting different networks nec-
essary to preserve cellular homeostasis (Figure 7 ). We believe
these findings have important implications for future studies
analysing protein relocalization and other cellular stress re-
sponses, as many sources of stress, on their own or in com-
bination, can affect both DNA and proteins. This is partic-
ularly relevant for studies on the cellular response to DNA
damage, as the observed phenotypes due to exposure to dif-
ferent agents may be due not only to DNA lesions, but also
to non-functional DNA damage response proteins caused by
the proteotoxic stress. Of note, several diseases, such as cancer
and neurodegenerative disorders, are associated with a combi-
nation of both genome and proteome instability ( 4 ,5 ), which
we consider advantageous to study together for a deeper un-
derstanding of the underlying pathological processes. It would
also be important to be mindful of medical treatments that
could affect both DNA and proteins, such as those used in
some cancer therapies. 
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