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Duringhomologous recombination, cellsmust coordinate repair,DNAdamage checkpoint signaling, andmovement
of chromosomal loci to facilitate homology search. In Saccharomyces cerevisiae, increased movement of damaged
loci (local mobility) and undamaged loci (global mobility) precedes homolog pairing in mitotic cells. How cells
modulate chromosome mobility in response to DNA damage remains unclear. Here, we demonstrate that global
chromosomemobility is regulated by the Rad51 recombinase and its mediator, Rad52. Surprisingly, rad51Δ rad52Δ
cells display checkpoint-dependent constitutively increased mobility, indicating that a regulatory circuit exists be-
tween recombination and checkpointmachineries to govern chromosomalmobility.We found that the requirement
for Rad51 in this circuit is distinct from its role in recombination and that interaction with Rad52 is necessary to
alleviate inhibition imposed bymediator recruitment to ssDNA. Thus, interplay between recombination factors and
the checkpoint restricts increased mobility until recombination proteins are assembled at damaged sites.
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DNA damage-induced chromosomal mobility is a well-
conserved and important facet of the cellular response to
DNA damage that is positioned at the intersection of re-
pair and checkpoint pathways (Seeber and Gasser 2017;
Smith and Rothstein 2017). In Saccharomyces cerevisiae,
both damaged and undamaged chromosomal loci expand
their exploration of nuclear space in response to the for-
mation of DNA double-strand breaks (DSBs) (Dion et al.
2012; Mine-Hattab and Rothstein 2012; Seeber et al.
2013). Sites close to the location of a DSB undergo a large
increase in nuclear exploration, termed local mobility
(an ∼10-fold increase in explored volume), while undam-
aged sites elsewhere in the nucleus (on both homologous
and nonhomologous chromosomes) undergo a smaller in-
crease, termed global mobility (an approximately fourfold
increase). We propose that local mobility primarily drives
homology search, while global mobility is also induced to
promote efficient pairing in the crowded nucleus (Mine-
Hattab and Rothstein 2013).

The ability of cells to modulate chromosomal mobility
in response to DNA damage is conserved throughout

evolution fromyeast tohumans. InS. cerevisiae andSchiz-
osaccharomyces pombe, dynamic telomere-led move-
ments may serve to promote stringent pairing of
homologs during meiosis (Yamamoto and Hiraoka 2001;
Koszul and Kleckner 2009). Also, in S. pombe, persistent
DSBsmigrate to the nuclear periphery and become associ-
ated with microtubule-linked KASH domain proteins
(Swartz et al. 2014). In mammalian cells, expansions in
chromosome mobility occur after the formation of DSBs
(Aten et al. 2004) or theuncappingof telomeres (Dimitrova
et al. 2008). 53BP1-mediated mobility is important for
both DNA damage repair and the avoidance of ectopic re-
combination (Lottersberger et al. 2015). Furthermore, the
directional movement of damaged telomeres has also
been observed in human ALT (alternative lengthening of
telomeres) cells (Cho et al. 2014). In Drosophila and hu-
man cells, damaged heterochromatic sites move into sub-
domains of the nucleus where recombination is permitted
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(Chiolo et al. 2011; Tsouroula et al. 2016; Amaral et al.
2017).
What are the factors that control chromosomal mobili-

ty? The checkpoint factors Mec1, Rad9, and Rad53 are re-
quired for both local and global mobility (Dion et al. 2012;
Seeber et al. 2013). Sae2 generates ssDNA substrates that
are necessary for checkpoint protein loading and contrib-
utes to the timing of local mobility following a DSB
(Mine-Hattab and Rothstein 2012). Several models have
been proposed for how the DNA damage checkpoint reg-
ulates the physical motion of chromosomes. Check-
point-induced chromatin remodeling has been suggested
as a possible mechanism for local as well as global mobil-
ity (Seeber et al. 2013; Hauer et al. 2017), as have changes
in cytoskeletal elements such as microtubules and nucle-
ar actin (Spichal et al. 2016; Strecker et al. 2016; Lawri-
more et al. 2017). Recent evidence suggests that changes
to theDNA polymer underlie altered chromosomemobil-
ity both locally and globally (Amitai et al. 2017; Herbert
et al. 2017; Mine-Hattab et al. 2017). It has also been ob-
served that the recombinationmachinery is critical for in-
creased local mobility after DNA damage. Both RAD51
(Mine-Hattab and Rothstein 2012) and RAD54 (Dion
et al. 2012) are required; however, the mechanism for
this requirement remains unclear.
Although recent work has focused on how the DNA

damage checkpoint and its downstream effectors control
chromosomal mobility, it is unknown how recombina-
tion factors such as Rad51 and Rad52 cooperate with the
checkpoint to transduce a damage signal into a global nu-
clear reorganization. In this study, we show how the re-
combination machinery controls this reorganization. We
found that the Rad51 recombinase is required for global
mobility after DNA damage in diploid cells. Moreover,
the recombination mediator Rad52 is also required for
global mobility. Interestingly, a rad51Δ rad52Δ double-
mutant strain displays constitutively increased global
mobility driven by an activatedDNA damage checkpoint,
indicating that the proper recruitment of these two pro-
teins impinges on checkpoint signaling and mobility.
The recruitment of Rad51 to DNA, but not its recom-
bination functions, is required for global mobility. Fur-
thermore, the interaction between Rad51 and Rad52 at
ssDNA is required to signal competence for global mobil-
ity. Our results demonstrate that a regulatory circuit
between the recombination machinery and the DNA
damage checkpoint ensures that globally increased chro-
mosomal mobility occurs only after the proper assembly
of recombination proteins at sites of DNA damage.

Results

Rad51 is required for global mobility

To determine how the recombination machinery affects
global mobility, we used a previously reported system for
visualizing chromosome movements (Mine-Hattab and
Rothstein 2012). Briefly, as shown in Figure 1A, this sys-
tem includes a multiple tandem array of tetO sequences
inserted at the URA3 locus on chromosome V, which is

bound by an RFP-tagged TetR protein. A YFP-tagged com-
ponent of the spindle pole body, Spc110, acts as a reference
for cellular motion. A repair protein that colocalizes to
DSBs (Rad52 or Ddc1) is tagged with CFP to detect breaks
(Lisby et al. 2001). We imaged early S-phase cells every
10 sec using three-dimensional (3D) epifluorescence mi-
croscopy to measure the positions of the tetO array and
the spindle pole body. As shown previously, the mean
square displacement (MSD) curves of the tracked chromo-
somal array plateau, which is indicative of confined Brow-
nian diffusion (Marshall et al. 1997; Heun et al. 2001). The
radius of that confinement (Rc) can then be inferred from
the plateau of the fitted MSD curve.
To induce global mobility, we produced random DSBs

by treating cells with ionizing radiation (IR) (Mine-Hattab
andRothstein 2012). Approximately fourDSBs per cell are
created after 40 Gy of γ-radiation (Ma et al. 2008). Because

A

B C

Figure 1. Rad51 is required forDNAdamage-induced globalmo-
bility. (A) Diagram of the chromosomal locus tracking system.
The tetO array is situated at theURA3 locus on one copy of chro-
mosome V in diploid yeast. The other homolog is unlabeled. RFP-
taggedTetRassociateswith the tetO array, forming foci. Spc110 is
taggedwithYFPto serve as a referencepoint forcellular andnucle-
armotion, andRad52 orDdc1 is taggedwithCFP to assesswheth-
erDSBs have formed in a given cell. The nucleolus is shaded pink.
Following irradiation with ionizing radiation (IR), random DSBs
form and are visualized by the assembly of repair foci. Images be-
low the schematic show z-series projections of a representative
undamaged cell of this system (with each channel indicated) fol-
lowing deconvolution. Bar, 1 µm. (B) MSDs for the tagged URA3
locus in wild-type strains either undamaged (blue) or irradiated
with 40 Gy of γ-radiation (red) show global mobility. (C ) As in B,
in a rad51Δ strain, undamaged cells (green) are plotted alongside
irradiated cells (magenta). All mobility experiments were per-
formed in Rad52-CFP-tagged strains. Error bars of MSD plots rep-
resent the 95% confidence interval (CI).
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chromosome V is small (∼2% of the genome), IR-induced
DSBs form there infrequently. Therefore, any observed
increase in Rc reflects global mobility. As expected, 40
Gy of IR produces a global mobility response at the
URA3 locus (undamaged: Rc= 480 nm±30 nm; +40 Gy:
Rc = 580 nm±40 nm; P-value = 0.01) (Fig. 1B). Previous
studies have indicated that the S. cerevisiae RecA homo-
log RAD51 is critical for local chromosomemobility after
DNA damage (Dion et al. 2012, 2013; Mine-Hattab and
Rothstein 2012). To assess the contribution of Rad51 to
global mobility, we subjected diploid rad51Δ cells to
40 Gy of radiation (Fig. 1C). In contrast to wild type,
rad51Δ cells do not display global mobility (undamaged:
Rc = 500 nm±30 nm; +40 Gy: Rc= 500 nm±50 nm; P-val-
ue = 0.89). Thus, in diploid cells, Rad51 is required for the
mobility of undamaged sites in the context of damage else-
where in the nucleus.

Rad52 is also required to regulate global mobility

Since Rad51 is important for global mobility, we test-
ed whether deletion of the recombination mediator
RAD52, which is required for the recruitment of Rad51
to sites of DNA damage (Fig. 2A), affects this process.

To evaluate mobility, we constructed rad52Δ strains and
detected DSB formation with CFP-tagged Ddc1. Global
mobility does not occur in the absence of Rad52 (undam-
aged: Rc = 480 nm±30 nm; +40 Gy: Rc= 490 nm±20 nm;
P-value = 0.24) (Fig. 2B). Since global mobility cannot oc-
cur in the absence of Rad52 or Rad51, we next tested
whether this increase in movement in wild-type cells
was a direct consequence of Rad52 recruiting Rad51 to
DSBs by constructing double-mutant strains and assaying
for mobility. If mobility was controlled purely by such re-
cruitment, rad51Δ rad52Δ cells should not display global
mobility following irradiation. Surprisingly, however, we
observed that the double mutant displayed elevated mo-
bility in not only damaged cells but also undamaged cells
(undamaged: Rc = 580 nm±50 nm; damaged: Rc= 600 nm
±40 nm; P-value = 0.93) (Fig. 2C), suggesting that the reg-
ulation of increased mobility provided by these recombi-
nation factors is more complex than anticipated. We
next investigated themechanisms underlying this genetic
interaction and the roles of both Rad51 and Rad52 during
the initiation of global mobility.

The absence of both Rad51 and Rad52 induces
constitutive mobility through elevated
checkpoint activation

Previous studies indicated that the DNA damage check-
point is important for local and globalmobility in haploids
(Dion et al. 2012; Seeber et al. 2013; Strecker et al. 2016;
Hauer et al. 2017). We suspected that the increase in mo-
bility observed in rad51Δ rad52Δ cells might be due to
increased checkpoint activation. First, to assess the imp-
ortance of the DNA damage checkpoint in wild-type
diploids, we treated cells with the checkpoint kinase in-
hibitor caffeine (Gentner and Werner 1975; Hall-Jackson
et al. 1999; Heffernan et al. 2002) and found that global
mobility does not occur after inhibition (undamaged:
Rc = 500 nm±50 nm; +40 Gy: Rc = 450 nm±40 nm; P-val-
ue = 0.68) (Fig. 3A). Moreover, artificial checkpoint induc-
tion driven by galactose-inducible colocalization of LacI-
tagged Ddc1 and Ddc2 in undamaged cells (Bonilla et
al. 2008) is sufficient to trigger global mobility (untreated:
Rc = 460 nm±40 nm; +galactose: Rc = 640 nm±90 nm;
P-value = 0.02) (Fig. 3B). This induction of mobility is also
sensitive to caffeine (+galactose, +caffeine: Rc= 400 nm±
20 nm; P-value [compared with +galactose] < 0.001) (Fig.
3B) and requires a lacO array for colocalization (Supple-
mental Fig. S1B). Therefore, the DNA damage checkpoint
is necessary and sufficient for global mobility in wild-type
diploid cells.

Based on the fact that the rad51Δ rad52Δ doublemutant
exhibits constitutive mobility, we hypothesized that the
DNA damage checkpoint is activated in these cells. To
test this idea, we examined how deletion of RAD51 and
RAD52 affects checkpoint activation. We assessed both
phosphorylation of the checkpoint effector kinase Rad53
(Sun et al. 1996) and recruitment of the checkpoint adaptor
Ddc1 (Melo et al. 2001) to sites of DNA damage in
wild-type, rad51Δ, rad52Δ, and rad51Δ rad52Δ double-
mutant cells. While we did not observe high levels of

A

B

C

Figure 2. Effects of rad52Δ in single-mutant and rad51Δ rad52Δ
double-mutant backgrounds. (A) rad52Δ cells do not form YFP-
Rad51 foci effectively after irradiation. The genotypes of the
strains depicted are as follows: wild type (RAD52/RAD52 YFP-
RAD51/RAD51) and rad52Δ (rad52Δ/rad52Δ YFP-RAD51/
RAD51). Bar, 1.8 µm. Wild type, 0 Gy: 6% foci, 152 cells; wild
type, +40 Gy: 89.1% foci, 148 cells; rad52Δ, 0 Gy: 3% foci, 270
cells; rad52Δ, +40 Gy: 5% foci, 79 cells. (B) rad52Δ cells display
no global mobility response after γ-irradiation (compare undam-
aged [blue] with irradiated [red]). (C ) rad51Δ rad52Δ cells—either
undamaged (blue) or irradiated (red)—show elevated mobility in
both cases. All mobility experiments were performed in Ddc1-
CFP-tagged strains. Error bars ofMSDplots represent the 95%CI.
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phosphorylated Rad53 in double-mutant cells (Supple-
mental Fig. S1C), spontaneous Ddc1 foci were signifi-
cantly increased in these backgrounds, indicating that in
rad52Δ and rad51Δ rad52Δ cells, the engagement of check-
point complexes is highly elevated compared with wild
type (wild type, undamaged: 7.4%; rad52Δ: 46% [P-value
{compared with wild type} < 0.001]; rad51Δ rad52Δ: 56%
[P-value {compared with wild type} < 0.001]) (Fig. 3C). No-
tably, there is a small but significant increase in the levels
of Ddc1 foci formed in rad51Δ rad52Δ cells comparedwith
rad52Δ (P-value = 0.001), suggesting that the loss of both
repair proteins leads to an additive increase in checkpoint
factor recruitment.
Since the DNA damage checkpoint is critical for global

mobility and since rad51Δ rad52Δ cells activate the
checkpoint, we measured mobility in rad51Δ rad52Δ

mutants treated with caffeine to determine whether the
aberrant checkpoint activation in these cells drives con-
stitutive increased global mobility. Caffeine treatment
completely blocks increased mobility in undamaged
rad51Δ rad52Δ cells (Rc = 410 nm±40 nm; P-value [com-
pared with untreated] [Fig. 2C] = 0.01) (Fig. 3D). Therefore,
the constitutive mobility caused by loss of both Rad51
and Rad52 is a consequence of an activated DNA damage
checkpoint. This result, along with the results outlined
above, argues that the recombination machinery defines
a regulatory circuit that controls the activation of in-
creased mobility following damage and checkpoint acti-
vation. We next investigated the molecular mechanisms
of this regulation.

The interaction between Rad51 and Rad52 modulates
the activation of global mobility

Because the absence ofRad51 andRad52 leads to increased
checkpoint engagement and mobility, we reasoned that
these two repair proteins establish an inhibitory circuit
that restricts global mobility to contexts in which the re-
combination machinery is properly assembled. To test
this hypothesis, we constructed separation-of-function
mutant strains of Rad51 and Rad52. First, we examined
rad51-II3Amutant strains, in which Rad51 can form fila-
ments on resected ssDNA but cannot catalyze strand ex-
change (Cloud et al. 2012), in order to determine whether
the regulationof globalmobility is a product of recombina-
tion per se or a consequence of repair factor binding to
ssDNA.We observed that themobility of theURA3 locus
in undamaged rad51-II3A cells is slightly elevated com-
paredwithwild type (although not statistically significant
[rad51-II3A undamaged: Rc = 510 nm±40 nm] compared
with wild-type undamaged [data from Figs. 1B, 4A]; P-val-
ue = 0.71) and thatmobility is significantly increased after
irradiation when compared with undamaged wild-type
cells (rad51-II3A, +40 Gy: Rc= 580 nm±60 nm; P-value
for wild-type undamaged [data from Fig. 1B] compared
with rad51-II3A, +40 Gy: 0.03) (Fig. 4A). Thus, the
Rad51-II3A protein allows global mobility despite its in-
ability to allow recombination, suggesting that the associ-
ation of Rad51 with DNA, rather than its recombination
functions, controls global chromosomal mobility.
The association of Rad51withDNA requires an interac-

tion with Rad52, and this interaction may be critical for
global mobility. To directly assess whether this inter-
action is required for global mobility, we examined
rad52Δ409–412 strains in which the Rad51 interaction
domain within Rad52 has been deleted. This mutant
Rad52 protein can bind to ssDNA and catalyze annealing
reactions but cannot interact with Rad51 and has defects
in homologous recombination (Krejci et al. 2002). We
found that these mutant cells are completely deficient
for global mobility (undamaged: Rc= 490 nm±40 nm;
damaged: Rc = 490 nm±30 nm; P-value = 0.63) (Fig. 4B).
Thus, the interaction between Rad51 and Rad52 is re-
quired for global mobility. Since a rad51Δ rad52Δ double
mutant has constitutive global mobility, we examined
the effect of this mutant protein in combination with a

BA
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Figure 3. rad51Δ rad52Δ cells display elevated mobility as a re-
sult of an activated DNA damage checkpoint. (A) Both undam-
aged (blue) and irradiated (red) cells treated with 20 mM
caffeine show similar confinement radii, demonstrating that a
checkpoint response is required for global mobility. (B) Colocali-
zation of Ddc1-LacI and Ddc2-LacI (expressed after their induc-
tion by galactose) leads to artificial checkpoint activation and
global mobility in the absence of DNA damage (see theMaterials
and Methods; Supplemental Fig. S1A). Strains containing a lacO
array for colocalization of these sensors (either uninduced [blue],
induced [green], or induced in the presence of caffeine [magenta])
are shown. A control strain in which the lacO array has not been
included does not undergo global mobility after galactose induc-
tion (Supplemental Fig. S1B). (C ) Counts of Ddc1 foci in undam-
aged and damaged wild-type, rad51Δ, rad52Δ, and rad51Δ rad52Δ
cells. Each point represents the percentage of cells with Ddc1 foci
in a given experiment. Error bars are mean±SEM. (∗) P-value<
0.05, as calculated by unpaired t-test. (D) Undamaged rad51Δ
rad52Δ cells treated with 20 mM caffeine (magenta) and untreat-
ed (blue) show that constitutive mobility in the double mutant is
due to an activated checkpoint. Mobility experiments in A and B
were performed in Rad52-CFP-tagged cells, while those inDwere
performed in Ddc1-CFP-tagged cells. Error bars of MSD plots rep-
resent the 95% CI.
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rad51Δ.Unlike the rad51Δ rad52Δ double-deletion strain,
the rad51Δ rad52Δ409–412 double mutant shows a
total loss of global mobility (undamaged: Rc = 480 nm±
30 nm; damaged: Rc = 510 nm±40 nm; P-value = 0.51)
(Fig. 4C). These results indicate that the association of
the mutant Rad52 protein with ssDNA in a background
lacking Rad51 is sufficient to prevent the constitutivemo-
bility observed in a rad51Δ rad52Δ double mutant.

These results suggest that the inhibitory circuit estab-
lished by Rad51 and Rad52 to control global mobility is
mediated through their interaction. We hypothesized,
based on the observation that global mobility does not oc-
cur in rad51Δ rad52Δ409–412 (unlike rad51Δ rad52Δ),
that the recruitment of Rad52 to ssDNA blocks global

mobility until Rad51 can be recruited. Following an inter-
action between these two proteins, Rad52 would be dis-
placed, thus alleviating the inhibition. We suspected
that mobility is blocked in rad52Δ409–412 cells because
the mutant Rad52 protein cannot be evicted from ssDNA
due to loss of its interaction with Rad51. This hypothesis
predicts that in rad52Δ409–412 cells, mutant Rad52 pro-
tein will colocalize with Rad51 more frequently than in
wild type.

To test the hypothesis, we measured colocalization of
Rad51 and Rad52 on ssDNA by visualizing tagged wild-
type Rad51 alongside either wild-type Rad52-CFP or
mutant Rad52Δ409–412-CFP (Fig. 5A). In rad52Δ409–
412-CFP/rad52Δ409–412 cells, we observed a dramatic

A

B

C

Figure 4. The interaction of Rad51 and Rad52 is required for
global mobility. (A) Strand exchange functions are dispensable
for global mobility after DNA damage. rad51-II3A cells display
slightly elevated mobility (gray) compared with wild type (blue)
and undergo an increase in mobility when damaged (red).
(B) rad52Δ409–412 cells (either undamaged [blue] or irradiated
[red]) show no increase in mobility. (C ) No global mobility is ob-
served in undamaged (green) or irradiated (magenta) rad51Δ
rad52Δ409–412 cells. TheMSDexperiments inAwere performed
inRad52-CFP-tagged cells,while those inB andCwere performed
in Ddc1-CFP-tagged cells. Error bars of MSD plots represent the
95%CI.

A

B

D

C

Figure 5. The Rad52Δ409–412 protein affects recombinase
and checkpoint factor recruitment. (A) Images of either YFP-
RAD51/+ RAD52-CFP/+ or YFP-RAD51/+ rad52Δ409–412-CFP/
rad52Δ409–412 cells after treatment with 40 Gy of IR. Rad51
foci are significantly weaker in rad52Δ409–412 cells. Mean focus
intensity ± SEM is 120,000 AU±17,000 AU in wild type (n =68
foci) and 7600 AU±1100 AU in rad52Δ409–412-CFP/
rad52Δ409–412 (n =45 foci).P-value< 0.001,unpaired t-test.Colo-
calized Rad51 and Rad52 foci are marked with arrowheads. Bar,
1.7 µm. (B) The percentage of cells with Rad51 (yellow) or Rad52
(cyan) foci before and after irradiation in wild-type (left) and
rad52Δ409–412-CFP/rad52Δ409–412 (right) cells. Each point rep-
resents a biological replicatewithmean and SEMplotted. (C ) The
percentage of total Rad51 foci that colocalize with Rad52 foci (or-
ange) orRad52 foci that colocalizewithRad51 (green) in irradiated
wild-type or rad52Δ409–412-CFP/rad52Δ409–412 cells, as in B.
(D) Ddc1 focus counts, performed as in Figure 3C. Wild-type
data are from Figure 3C. (∗) P-values < 0.05, as calculated by un-
paired t-test.
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decrease in the intensity of Rad51 foci (mean focus inten-
sity ± SEM is 120,000 AU±17,000 AU in wild type [n= 68
foci] and 7600 AU±1100 AU in rad52Δ409–412-CFP/
rad52Δ409–412 [n= 45 foci]; P-value < 0.001, unpaired
t-test) (Fig. 5A), indicating that the Rad51 interaction
domain in Rad52 is required for proper Rad51 focus forma-
tion. In irradiated wild-type cells, similar to previous re-
ports (Lisby et al. 2004; Burgess et al. 2009), there are
more Rad51 foci than Rad52 foci in the population (67%
and 35% of cells, respectively) (Fig. 5B). A minority of
Rad51 foci (32%) colocalizes with Rad52, while 61% of
Rad52 foci colocalize with Rad51 (Fig. 5C). Consistent
with the notion that the absence of the interaction
domain leads to defects in Rad52 removal, we observed
an increase in the overall levels of Rad52Δ409–412 foci af-
ter irradiation compared with wild-type Rad52 (35% for
wild type and 60% for rad52Δ409–412-CFP/rad52Δ409–
412; P-value = 0.007) (Fig. 5B) as well as a twofold increase
in the proportion of Rad51 foci that colocalizes with
Rad52Δ409–412-CFP (32% for wild type and 65%
for rad52Δ409–412-CFP/rad52Δ409–412; P-value < 0.001)
(Fig. 5C). There is also a concomitant decrease in the num-
ber of Rad52Δ409–412-CFP foci that colocalize with
Rad51 (61% for wild-type and 41% for rad52Δ409–412-
CFP/rad52Δ409–412; P-value = 0.03) (Fig. 5C), likely due
to the inability of Rad52Δ409–412 to adequately recruit
Rad51. These results support the hypothesis that in the
absence of the Rad51 interaction domain, recruitment of
the recombinase is defective, and removal of Rad52 from
ssDNA is impaired.
We next asked whether the mutant Rad52 protein re-

tained at ssDNA affects checkpoint factor recruitment
and activation. We examined checkpoint activation in
rad52Δ409–412 and rad51Δ rad52Δ409–412 cells by mea-
suring Rad53 phosphorylation and Ddc1 focus formation.
In the absence of irradiation, there are no major differenc-
es in Rad53 phosphorylation between rad52Δ409–412 and
rad52Δ as well as between rad51Δ rad52Δ409–412 and
rad51Δ rad52Δ (Supplemental Fig. S1C). On the other
hand, we observed that both rad52Δ409–412 and rad51Δ
rad52Δ409–412 cells have reduced levels of spontaneous
Ddc1 foci compared with rad52Δ and rad51Δ rad52Δ, re-
spectively (47% for rad52Δ and 7% for rad52Δ409–412
[P-value < 0.001]; 55% for rad51Δ rad52Δ and 11% for
rad51Δ rad52Δ409–412 [P-value < 0.001]) (cf. Figs. 3C and
5D). Thus, the Rad52Δ409–412 protein, which can bind
to DNA but not properly interact with Rad51 (Krejci
et al. 2002), suppresses the spontaneous checkpoint acti-
vation aswell as the constitutive globalmobility observed
in the rad51Δ rad52Δ double mutant. These results are
consistent with a model in which retention of Rad52
at ssDNA in the absence of an interaction with Rad51
negatively regulates both checkpoint activation and
downstream global mobility. Altogether, our results dem-
onstrate that global mobility is regulated by the interplay
between recombination factors and the DNA damage
checkpoint machinery and suggest that the cell integrates
the signals from these two pathways to coordinate appro-
priate changes in nuclear organization in response to
DSBs.

Discussion

Our group and others have proposed thatDNAdamage-in-
duced increased chromosomal mobility is a mechanism
for homology search and assists broken DNA ends in effi-
ciently navigating through the complexity of nuclear
space to locate homology (for review, see Smith and Roth-
stein 2017). The results presented here demonstrate that a
regulatory circuit between checkpoint and recombination
factors governs the signaling events that produce global
mobility. Figure 6 depicts a schematic describing the mo-
lecular interactions that initiate the global mobility re-
sponse. In wild-type cells, after a DSB, resection of 5′

ends reveals stretches of ssDNA that rapidly accumulate
RPA complexes (Symington et al. 2014). The Ddc2–
Mec1 complex as well as the 9-1-1 sliding clamp are
then recruited to these resected ends, leading to the phos-
phorylation of downstream checkpoint factors (Gobbini
et al. 2013). While resection proceeds and Rad51 is being
recruited, Rad52 inhibits mobility until a proper presyn-
aptic filament structure can be formed, after which
Rad51 interacts with Rad52, and RPA and Rad52 are dis-
placed from ssDNA (Sugiyama and Kowalczykowski
2002; Gibb et al. 2014). These transactions between
Rad51, Rad52, and RPA—as well as other proteins bound

Figure 6. A model for the role of the recombination machinery
in regulating global mobility. After DSB formation, end resection
yields RPA-bound 3′ ssDNA tracts that serve as platforms for
both checkpoint signaling and repair factor loading. At this
time, the DNA damage checkpoint becomes active, but the re-
cruitment of Rad52 to the ssDNA inhibits the initiation of global
mobility until Rad51 is sufficiently recruited. The interaction of
Rad51with Rad52 alleviates this inhibition (shown by grayed-out
Rad52 inhibition), allowing the checkpoint to promote global
mobility. Thus, proper assembly of the recombinationmachinery
to sites of damage offers an additional layer of regulatory input to
the checkpoint apparatus that restricts the activation of mobility
to cells that are committed to homologous recombination.
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to RPA—serve as a switch with both activating and inhib-
iting components. The cell uses this cross-talk between
the homologous recombination machinery and the DNA
damage checkpoint to determine when it is appropriate
to increase mobility throughout the nucleus.

The mutant strains used in this study reveal important
underlying features of this pathway (see Supplemental Fig.
S2). First, experiments in rad51-II3A strains reveal that
global mobility is regulated at the level of the processed
DSB and not during strand exchange or homology search.
The notion that global mobility is regulated prior to re-
combination is reasonable because both the repair pro-
teins and the participants in the Mec1/ATR checkpoint
cascade share resected ssDNA as a substrate. This close
physical proximity likely facilitates necessary regulatory
interactions. Furthermore, results from studies of the
rad52Δ409–412 mutant suggest that the Rad52 protein
blocks global mobility unless Rad51 triggers its removal
(Figs. 4, 5). The simplest explanation for these results is
that Rad52 acts as a repressor of global mobility when
bound to ssDNA. However, this view is not consistent
with the observation that rad52Δ cells are defective inmo-
bility following irradiation (Fig. 2B). Instead, Rad51 may
have an activating role beyond that of simply displacing
Rad52, suggesting that an interaction between the recom-
binase andmediator per se is required to initiatemobility.
This hypothesis explains the independent requirement for
each factor at damage sites. It is important to note that
this regulatory circuit can be bypassed, since rad51Δ
rad52Δ cells are constitutive for mobility, which we attri-
bute to an increased level of checkpoint engagement (in-
creased spontaneous Ddc1 foci) (Fig. 3C). In fact, the
capacity of cells to bypass the requirement for the recom-
bination machinery after a certain level of checkpoint ac-
tivation has been reached may explain the observation
that Rad51 is dispensable for global mobility in zeocin-
treated haploid cells (Seeber et al. 2013). Our results clear-
ly demonstrate that checkpoint activation is not the sole
determinant for globalmobility, since it is not observed in
multiple genetic backgrounds where the checkpoint has
been activated (Supplemental Fig. S1C). Thus, the interac-
tions between the repair proteins and the checkpoint ma-
chinery are important for the appropriate control of global
mobility.

Howmight Rad52 inhibit global mobility? It is possible
that Rad52 recruitment to resected ends directly influenc-
es checkpoint activation. The Rad52Δ409–412 mutant
protein prevents spontaneous checkpoint focus formation
singly or in combination with rad51Δ (Figs. 3C, 5D). Re-
duced checkpoint activation may reflect the strand-
annealing activity of the mutant protein, which allows
it to properly resolve more lesions than a rad52Δ mutant
strain. However, we favor the hypothesis that the associa-
tion of this mediator with ssDNA prevents checkpoint
factor recruitment and activation. In this scenario, the re-
duction in checkpoint focus formation may occur by
Rad52 sterically hindering the binding of checkpoint fac-
tors (e.g., Ddc2–Mec1 and the 9-1-1 complex) on the RPA-
bound ssDNA substrate. Alternatively, the reductionmay
occur through a direct protein–protein interaction be-

tween Rad52 and checkpoint factors that prevents their
activation or accumulation.

How do Rad51 and Rad52 cooperate to drive global mo-
bility? In vitro, RPA is removed from ssDNA following the
formation of a tripartite complex between itself, Rad51,
and Rad52 (Sugiyama and Kowalczykowski 2002). There-
fore, their interaction and the displacement of RPA and as-
sociated factors may be the trigger for global mobility to
begin. In support of this view, Rad52Δ409–412-CFP foci
more often colocalize with Rad51 foci than in wild type,
suggesting a defect in the displacement of Rad52 when
the interaction between mediator and recombinase is im-
paired (Fig. 5C). The interaction betweenRad51 andRad52
may also facilitate downstream interactions with repair
factors such asRad54 (Dion et al. 2012) orwith checkpoint
complexes. For example, Flott et al. (2011) have reported
that Rad51 is phosphorylated by Mec1 within its Walker
A ATPase domain, and we suspected that this interaction
might affect mobility. To investigate this connection, we
examined a phosphorylation-dead mutant at this site
(rad51-S192A) as well as a phosphomimetic mutant
(rad51-S192E) and found that both are defective for global
mobility (Supplemental Fig. S1D,E). However, since both
mutations cause a strong ssDNA-binding defect (Flott
et al. 2011), it is possible that the lack ofmobility observed
in thesemutants is due to their inability to displaceRad52.
The importance of the Rad51–Rad52 interaction has been
observed previously in studies of checkpoint adaptation
(Lee et al. 2003) and may underlie other mechanisms by
which the cell senses the progression of DSB end process-
ing and repair.

Studies in haploid cells have implicated the checkpoint
in the control of global mobility and proposed various
mechanisms by which mobility is generated. Seeber et al.
(2013) reported that checkpoint activation targets mem-
bers of the INO80 chromatin remodeling complex to pro-
duce global mobility, and a later study by Hauer et al.
(2017) reported that changes in histone occupancy on
DNA following damagemay be consequential for chroma-
tin confinement andmobility. Strecker et al. (2016) report-
ed that the activation of the DNA damage checkpoint
leads to phosphorylation of the kinetochore protein Cep3
and suggested that modulation of centromere to kineto-
chore attachments alters chromosome tethering to pro-
mote both local and global mobility. In addition, DNA
damage causes a release of telomeric sequences as well as
expansion of pericentric chromatin domains (Lawrimore
et al. 2017). Here, we found in diploid cells that the DNA
damage checkpoint is necessary and sufficient for the in-
duction of global mobility (Fig. 3A,B) and that the activity
of Rad51 and Rad52 affects checkpoint factor engagement
and downstream mobility. Our discovery of this relation-
ship not only reinforces the importance of the DNA dam-
age checkpoint but also uncovers a novel role for the
recombination machinery in regulating global mobility.

Why might the cell link the initiation of mobility to
the recruitment of recombination factors? A simple ex-
planation is that it is advantageous for the cell to restrict
the activation of mobility to only those contexts in
which it has committed to homologous recombination
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(i.e., following resection) and has properly assembled the
mechanical complexes, such as the Rad51 presynaptic fil-
ament. Thus, tying mobility to homologous recombina-
tion progression and checkpoint activation adds a layer
of stringency that prevents increased mobility at inappro-
priate times or after an inappropriate damage stimulus. For
example,mistimedmobility could result in translocations
or chromosome loss. Thenotion thatmobility is restricted
to contexts in which homologous recombination is favor-
ablemayexplain the observations that diploids,which can
use the homolog for recombination, undergo mobility
more readily than haploids, which are limited to sister
chromatid exchange (Dion et al. 2012; Mine-Hattab and
Rothstein 2012). Alternatively, increased mobility could
disrupt nonhomologous contacts through mechanical
force during the homology search, serving as a stringency
mechanism (Lottersberger et al. 2015). In either case, the
linkage between recombination progression and check-
point activation is undoubtedly critical for the control of
mobility.

Materials and methods

Strains

Unless noted otherwise, all strains are RAD5+ derivatives of
W303 (Thomas and Rothstein 1989; Zhao et al. 1998; Reid et al.
2016). Genetic constructs were created as listed in Supplemental
Table S1 (McDonald and Rothstein 1994; Reid et al. 2002; Lisby
et al. 2003, 2004; Muller et al. 2005; Bonilla et al. 2008; Cloud
et al. 2012; Mine-Hattab and Rothstein 2012).

Galactose induction

For DNA damage checkpoint induction experiments, cells were
grown overnight in 3- to 5-mL cultures of SC+2% raffinose at
23°C. In the morning, 2% galactose was added, and strains were
induced for 90 min. Strains were then prepared for microscopy.

Caffeine treatment

Caffeine treatment was performed as described previously (Bar-
low and Rothstein 2009). Briefly, fresh 100 mM stock solutions
of caffeinewere prepared each experimental day. Cells were treat-
ed with 20 mM caffeine for 30 min. Cells were irradiated and im-
aged in the presence of caffeine.

Checkpoint induction

TheDNAdamage checkpoint was induced in undamaged cells as
described previously (Bonilla et al. 2008). Briefly, Ddc1-GFP-LacI
and Ddc2-GFP-LacI constructs were placed under the control of
galactose-inducible promoters. A lacO array was inserted on
chromosome IV. Following galactose induction, the colocaliza-
tion of these two damage sensors on the array was sufficient to
trigger Mec1 activation and a checkpoint response.

γ-Irradiation

Overnight cultures of strains designated for irradiation were di-
luted slightly in fresh medium and allowed to grow for 1 h at
23° C. Aliquots of these cultures were then exposed to defined

doses of irradiation using a Nordion 220 60Co irradiator and
then immediately prepared for imaging.

Immunoblotting

Protein was harvested from cells via precipitation in 5% trichlo-
roacetic acid followed by washing in acetone. Protein prepara-
tions were separated by SDS-PAGE (Laemmli 1970) using 10%
gels and transferred to nitrocellulose membranes with a Trans-
Blot Turbo transfer system (Bio-Rad). Membranes were blotted
overnight with either mouse EL7.E1, α-Rad53 monoclonal anti-
body (1:1000; Abcam), or α-PGK1 22C5D8 monoclonal antibody
(1:20,000; Thermo Fisher) as a loading control.

Microscopy

Microscopy was performed as described previously (Lisby et al.
2004; Mine-Hattab and Rothstein 2012). Cells were pelleted
from treated or untreated cultures and resuspended at higher den-
sity before being placed on a 1.4% agarose slab for visualization.
Images were acquired on a Leica DM5500B upright microscope
(Leica Microsystems) illuminated with a 100-W mercury arc
lamp.High-efficiency filter cubeswere used for fluorophore imag-
ing (Chroma 41028, Chroma 31044v2, and Chroma 41002C for
YFP,CFP, andRFP, respectively). Imageswere capturedwith aHa-
mamatsu Orca AG cooled digital CCD (charge-coupled device),
and analysis of image data was performed with Volocity software
(Perkin-Elmer). Formobilityexperiments,wecaptured15z-stacks
spaced by 300 nm every 10 sec for 70 time points. Exposure times
were as follows: 30 msec for differential interference contrast
(DIC), 100 msec for YFP, 100 msec for RFP, 800 msec for Rad52-
CFP, and 2 sec for Ddc1-CFP. CFP images were taken as part of a
complete stack of all colors performed before time-lapse imaging
began. For Rad51 and Rad52 focus experiments, we captured 21
z-stacks spaced as for mobility experiments. DIC exposure time
was 30 msec, and the YFP and CFP exposure time was 800 msec.

Image analysis

Analyses were performed as described previously (Mine-Hattab
and Rothstein 2012). Briefly, positions of the tetO array and the
spindle pole body were measured every 10 sec. The positions of
the spindle pole bodywere subtracted from the tetO array in order
to correct for nuclear motion. Rc values were obtained by averag-
ing individual MSD plots for each cell in an experiment into a
meanMSD, fitting the resultant curve, and extracting the plateau
value from that curve. For these meanMSD curves, only the first
25%–30% of the MSD values were used to generate a fit to avoid
the impreciseMSDvalues at highΔt. Plateau valueswere extract-
ed from the fit and used to determine Rc values, which we report
to the nearest 10 nm. Error bars on MSD plots represent the 95%
confidence interval (CI) at each Δt value. The Y intercept of an
MSD curve reflects the accuracy with which the position of the
locus can be determined and includes the error of this measure-
ment as well as howmuch the tracked locusmoves during acqui-
sition (for review, see Michalet 2010). Although MSD plots are
often depicted passing through the origin, it is worth noting
that an MSD curve would only do so in an ideal experiment in
which there is no localization error. In addition, Rc values were
determined for individual cells and used to calculate one SEM
for the Rc values displayed in Supplemental Table S2. Individual
Rc values were also used to detect cells with Rc values of >1.5
times the interquartile range for a given experiment, which
were excluded from analysis. Individual Rc values were also
used for further statistical analysis.
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Intensity measurements (Fig. 5A) were also performed using
Volocity. Sum intensity values were background-subtracted by
multiplying themean intensity of a non-focus-containing nuclear
region by the voxel size of the measured Rad51 foci.

Statistics

We found that the distribution of Rc values for individual undam-
aged cells is approximately normally distributed with a peak
centered around 450 nm. However, damaged cells display distri-
bution with ∼25% less mobile cells and 75% cells with increased
Rc (Supplemental Fig. S3). Since this distribution does not meet
assumptions of normality, we used the nonparametric two-sided
Wilcoxon rank sum test (Mann and Whitney 1947) to estimate
the shift in Rc distribution relative to control and determine a
P-value for each experiment. Supplemental Table S2 lists all test
results. Statistical analyses were performed in R (http://www.R-
project.org).
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