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Stabilization of DNA fork junctions by Smc5/6
complexes revealed by single-molecule imaging
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e The Smc5/6 holocomplex can form oligomers and
translocate on double-stranded DNA

e The complex can simultaneously bind single-stranded and
double-stranded DNA

e Smc5/6 is recruited to ssDNA-dsDNA junction structures
mimicking replication forks

e The holocomplex indirectly stabilizes the ssDNA-binding
protein RPA on ssDNA
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In brief

Tanasie et al. combine single-molecule
microscopy and force manipulation to
investigate the interaction of the Smc5/6
holocomplexes with fork junction
structures mimicking DNA replication and
repair intermediates. They show that
Smc5/6 targets and stabilizes these DNA
substrates, suggesting a model for the
Smc5/6-mediated recognition of
replication stress or DNA lesions.
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SUMMARY

SMC complexes play key roles in genome maintenance, where they ensure efficient genome replication and
segregation. The SMC complex Smc5/6 is a crucial player in DNA replication and repair, yet many molecular
features that determine its roles are unclear. Here, we use single-molecule microscopy to investigate Smc5/6’s
interaction with DNA. We find that Smc5/6 forms oligomers that dynamically redistribute on dsDNA by 1D diffu-
sion and statically bind to ssDNA. Using combined force manipulation and single-molecule microscopy, we
generate ssDNA-dsDNA junctions that mimic structures present in DNA repair intermediates or replication
forks. We show that Smc5/6 accumulates at these junction sites, stabilizes the fork, and promotes the reten-
tion of RPA. Our observations provide a model for the complex’s enrichment at sites of replication stress and
DNA lesions from where it coordinates the recruitment and activation of downstream repair proteins.

INTRODUCTION

Chromosomal breaks are a considerable threat to the viability of
cells. Unrepaired, these lesions may lead to the loss of genetic in-
formation or cell death. Hence, DNA repair is essential for proper
cell proliferation. Smc5/6, a member of the structural mainte-
nance of chromosomes (SMC) complexes, has been extensively
associated with various DNA repair processes.' SMC complexes
as a group regulate chromosome structure and maintain genome
stability by ensuring efficient genome replication and segrega-
tion, each member sharing a similar architecture and contributing
to specific genome maintenance processes.’

At its core, Smc5/6 consists of two SMC subunits (Smc5 and
Smc6) that feature anti-parallel coiled coils that dimerize at
the hinge domain and connect to an ATPase domain at the
head region. The Smc5/6 dimer further associates to six non-
SMC elements (Nses), referred to as Nsel through Nse6 in
yeast." The complex was first identified in genetic screens
against radiation-induced DNA damage” and later associated
with double-strand break (DSB) repair via homologous recombi-
nation (HR),>™ an error-free repair pathway that uses the sister
chromosome as a repair template.

DNA repair is closely intertwined with DNA replication to pro-
mote genome stability.® Besides repetitive genomic regions,
DNA lesions are a major hurdle encountered by the DNA replica-
tion machinery and can lead to stalling or even collapse of the
replication fork.

Homologous recombination promotes the restart of the replica-
tion fork in a pathway involving DSBs. DSB repair by HR depends
on the single-stranded DNA (ssDNA) binding protein RPA (replica-
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tion protein A) as a precursor for the assembly of Rad51 recombi-
nase filaments that invade the homologous chromosome copy to
form a ssDNA-dsDNA D-loop repair intermediate. This is later on
resolved by synthesis-dependent strand annealing or the forma-
tion and subsequent resolution of a double-Holliday junction in
DSB repair.®'"

Smc5/6 is associated with several processes in the context of
challenged replication forks.'? The complex has an early role in
replication, where it localizes to stalled replication forks and
maintains them in a stable restart-prone conformation by pro-
moting recruitment of RPA and Rad52."® Furthermore, Smc5/6
interacts with the Mph1 helicase at damaged forks to promote
fork regression and prevent error-prone fork restart.* HR can
lead to recombination intermediates that need to be removed
before chromosome segregation to avoid the accumulation of
concatenated joint molecules and toxic stress. Smc5/6 plays a
role in resolving recombination intermediates, where it recruits
the STR (Sgs1-Top3-Rmi1) complex to DNA damage sites
through interaction between the SUMOylated Smc5/6 complex
and the SUMO-interacting motifs (SIMs) of Sgs1.">'°

Replication stress is especially prevalent in repetitive telo-
meric regions, where the failure to recover from stalled replica-
tion forks leads to senescence.'” At these sites, Smc5/6 is
involved in the alternative lengthening of telomeres (ALT) mainte-
nance pathway, by facilitating HR through SUMOylation of
telomere binding proteins.'®

Proper removal of recombination intermediates is particularly
important in meiosis, where recombination at programmed
DSBs leads to crossovers between parental genomes.'® Failure
to resolve these intermediates can lead to blockage of
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Figure 1. Recombinant Smc5/6 holocom-
plex interacts with DNA in a nucleotide-
dependent manner

(A) Coomassie-stained PAGE gel of purified
Smc5/6 holocomplex.

(B) Single-tethered DNA curtains assay to study
the binding location of Qdot-tagged Smc5/6
(magenta) on flow-stretched, YOYO-1-stained
A-DNA (green).

(C) Histogram of recorded Smc5/6 binding location
on A-DNA. Top: A/T content (black) and base-
pairing energy®* (magenta) of the DNA substrate
(n = 807).

(D) Survival curves of Smc5/6 on dsDNA in the
absence of flow under different nucleotide condi-
tions. Gray, no nucleotide (n = 166); blue, ATPYS
(n = 194); green, ADP (n = 114); red, ATP (n = 108).
Data were collected from at least 50 DNA molecules
per condition. Continuous lines are fits to a double
exponential model. Error bars represent 68% con-
fidence intervals. See also Figure S1 and Table S1.
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tions that mimic the structure of stalled
replication forks, DNA repair intermediates
or telomeres, and show that these fork
junctions are targeted and stabilized by
Smc5/6. In addition, we uncover that the
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chromosome segregation.?? Interestingly, Smc5/6 is specifically
recruited to meiotic DSBs to promote the removal of inappro-
priate joint molecules.?®

Smc5/6 has an established role in DNA repair. Nevertheless,
the detailed function of the complex at sites of DNA damage re-
mains unclear. As a complex involved in the maintenance of
chromosomes, Smc5/6 binds DNA through multiple DNA bind-
ing domains and interacts with various DNA substrates, raising
the possibility that the recognition of different DNA configura-
tions might be a crucial factor for its involvement in DNA
repair.”’ Only recently, single-molecule studies have been suc-
cessfully employed for mechanistic studies of the complex. Us-
ing a magnetic tweezers assay, two independent studies®>**
demonstrated the complex’s ability to compact dsDNA under
low forces and to stabilize supercoiled plectonemes, which
can be induced during DNA replication and transcription, in an
ATP-dependent manner, providing an insight into how Smc5/6
interacts with unusual DNA substrates. Nonetheless, mecha-
nistic insight into the recruitment process to lesion sites or
stressed replication forks, where the complex is exposed to
both dsDNA and ssDNA, is still missing.

Here, we visualize the interaction of recombinant Smc5/6 holo-
complexes from budding yeast®® with relevant DNA substrates
at the single-molecule level. We demonstrate that, on dsDNA,
Smc5/6 exhibits one-dimensional (1D) diffusion, while association
with ssDNA occurs in a static manner. We use a force manipula-
tion assay to generate substrates featuring ssDNA-dsDNA junc-

2 Cell Reports 41, 111778, December 6, 2022

Time (s)

complex dynamically oligomerizes and
can capture at least one additional DNA
molecule while already loaded on DNA.
Our findings are consistent with predic-
tions on Smcb5/6’s putative role in DNA
damage repair and provide a mechanistic model for the Smc5/
6-mediated recognition of lesions as a recruitment and activation
platform for downstream factors.
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RESULTS

Smc5/6 preferably binds to DNA regions with very high
A/T content

We expressed and purified Smc5/6 holocomplexes (henceforth
called Smc5/6), consisting of the two SMC subunits Smc5 and
Smc6, as well as the six non-SMC subunits Nse1-Nse6 (Fig-
ure 1A), by a three-step procedure as described previously.??
The complex purity and integrity were confirmed by gel electro-
phoresis and mass spectrometry (STAR Methods). The complex
was fluorescently labeled using Qdots targeting a terminal HA
epitope tag on the Nse4 subunit.

To assess the binding preference of Smc5/6, we first incu-
bated fluorescently tagged Smc5/6 molecules with 48.5 kbp
A-phage DNA molecules in a low salt buffer (25 mM NaCl,
25 mM KCI) in a single-tethered double-stranded DNA (dsDNA)
curtain setup, where DNA is arranged in a flow-stretched
array”® and visualized via TIRF microscopy (Figure 1B). To
our surprise, unlike the related SMC complex cohesin which
preferentially binds A/T rich regions,?®?” Smc5/6 localized pref-
erentially to the center of the A-DNA (Figure 1C), and showed
only weaker association to other sites. This binding behavior
was independent of ATP presence in the flow cell (Figure S1A).
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Figure 2. Salt-concentration-dependent dy-
namics on DNA

(A) Double-tethered DNA curtains assay to observe
the movement of fluorescently tagged Smc5/6
(magenta) on DNA.

(B) Typical kymograms of Smc5/6 movement at
various concentrations of NaCl.

(C) Smc5/6 diffusion coefficients at various salt
concentrations: 0 mM NaCl (n = 22), 100 mM NaCl
(n = 39), and 250 mM NaCl (n = 27). Black bars
indicate the distribution mean.

(D) Salt-chase assay to determine the dynamics and
dissociation position of Smc5/6 upon high-salt
exposure.

(E) Typical kymogram of Smc5/6 behavior upon in-
jection of 250 mM NaCl.

(F) Binding histogram before salt arrival.

(G) Histogram of dissociation positions after salt
arrival. Data were collected from 104 DNA molecules.
Error bars are 68% confidence intervals. See also
Figure S2.
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The center region of the substrate contains an exceptionally
high A/T content of ~70%, which is prone to local melting,?®*°
as expected also from the base-pairing energy profile®® for
the A-DNA (Figure 1C). We therefore speculate that Smc5/6
may recognize and be recruited to partially melted DNA
structures.

ATP hydrolysis regulates the binding lifetime of Smc5/6

As Smc5/6 harbors two active ATPase sites, we wondered whether
the presence of nucleotides influences the binding dynamics. To
this end, we recorded the lifetimes of complexes on double-teth-
ered A-DNA curtains, where the free end of the A-DNA substrate
was anchored to the surface and dynamics could be observed in
the absence of flow. While in the absence of nucleotide, or in the
presence of the non-hydrolyzable ATP analog ATPyS, Smc5/6
exhibited extraordinarily long lifetimes with ~90% of complexes re-
maining bound for at least 5 min, the lifetimes became noticeably
shorter in the presence of ATP or ADP (Figure 1D). Under all condi-
tions, the binding time to the DNA can be described by two popu-
lations with different lifetimes. We quantified these by fitting a
double exponential model. While there was largely no difference
between ATPyS and no-nucleotide, the fraction of stable binders
was lower in the presence of ATP or ADP (Figure S1B), indicating
that the continuous or transient presence of ADP in the Smc5/6
binding pockets enhances Smc5/6’s off-rate from the DNA. Inter-
estingly, we also observed a significantly higher number of binding
events of ATPyS-bound Smc5/6 (Figure S1C). These results indi-
cate that the observed holocomplexes are physiologically active

Position (kbp)

I
30 40 50 We next sought to understand if Smc5/6

complexes can also dynamically redis-
tribute on dsDNA by 1D diffusion like
other SMC complexes.?®?"*%3" For this
purpose, after loading the protein on double-tethered curtains
under the same conditions as for the lifetime measurements,
we exchanged the running buffer to buffer containing increased
salt concentrations (Figure 2A). We found that Smc5/6 was fairly
static at low monovalent salt concentrations, but displayed diffu-
sive behavior with increasing diffusion coefficients at higher salt
concentrations (Figures 2B and 2C), suggesting that the move-
ment of complexes may be hindered by electrostatic interactions
with DNA, as previously observed for other SMCs.?"**

We further observed that Smc5/6 showed end-dependent
dissociation when it was first bound to DNA in a single-tethered
curtain (Figure 2D) and then subjected to a chase with higher salt
concentration (Figure 2E). While the binding position of com-
plexes before salt arrival again reflected the center-preference
highlighted earlier (Figure 2F), Smc5/6 complexes preferentially
dissociated at the free DNA end (Figure 2G), suggesting a topo-
logical entrapment of the DNA by the complex. Nevertheless, a
smaller fraction of Smc5/6 dissociated from the DNA at internal
sites, indicating that not all have converted to a topologically
bound configuration. In agreement with a topological binding
model, Smc5/6 complexes that move on double-tethered DNA
at 250 mM NaCl displayed much longer lifetimes than complexes
bound to topologically unconstrained single-tethered DNA under
the same salt conditions (Figure S2A), suggesting that the
absence of a free DNA end impedes dissociation. Furthermore,
in the topologically constrained double-tethered case, buffer
flow pushed complexes towards the downstream barrier, but
complexes did not dissociate (Figure S2B). These experiments
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recapitulate previous findings with cohesin.’’ In summary,
Smc5/6 complexes dynamically move along DNA by 1D diffu-
sion and overwhelmingly display minutes-long lifetimes on dou-
ble-tethered DNA, but readily dissociate once they encounter a
free end, indicating that Smc5/6 interacts topologically with
DNA?? like cohesin.”"*°

Simultaneous binding of ssDNA and dsDNA

Intrigued by our initial observation that Smc5/6 preferentially lo-
calizes to the A/T-rich center of dsDNA, which is prone to local
melting,”®*° we next tested whether Smc5/6 could also directly
be recruited to ssDNA. To this end, we produced long tracts of
ssDNA by rolling-circle replication from a circular M13 DNA sub-
strate by ®29-polymerase®* (Figure 3A) and studied the binding
behavior of Smc5/6 on this substrate. Confirming our suspicion,
Qdot-labeled Smc5/6 complexes readily bound to ssDNA (Fig-
ure 3B), but showed no sequence-specific binding preference
(Figure 3C).

Having observed that Smc5/6 binds to both dsDNA and
ssDNA, and with Smc5/6’s role in telomere maintenance and
DNA repair in mind, we next asked if Smc5/6 can bind both sub-
strates simultaneously. To test this, we first loaded unlabeled
Smcb5/6 onto a double-tethered curtain of dsDNA and then
flushed in fluorescently tagged ssDNA oligos (cyan, Figure 3D).
Intriguingly, we observed the rapid appearance of puncta on
the dsDNA, corresponding to the capture of ssDNA oligos. To
confirm that the capture of oligos was specific to locations where
Smc5/6 was bound, we subsequently flushed in a Qdot label
specific to Smc5/6. We observed Qdot localization to sites that
had bound fluorescent oligos (Figure 3E). This capture of oligos
strictly required the prior loading of Smc5/6 (Figures 3G and
S3A). Our observations indicate that Smc5/6 can simultaneously
bind to dsDNA and ssDNA.

Capture of dsDNA in trans and in cis
When we repeated the ssDNA capture experiment with fluores-
cently tagged dsDNA as a capture target (cyan, Figure 3D), we
were surprised to find that dsDNA oligos were recruited to
dsDNA-bound Smc5/6 complexes as well (Figure 3F). As for
ssDNA, this recruitment was also dependent on the presence
of Smc5/6 (Figures 3G and S3B). The location of captured dsDNA
puncta was not exclusively at the center of the tethered substrate
(Figure 3H), ruling out the possibility that the observed events
constitute dsDNA that was recruited to Smc5/6 bound to melted
ssDNA at the A-DNA center. We hence conclude that Smc5/6
cannot only interact with both dsDNA and ssDNA simultaneously
but can also interact with multiple dsDNA molecules in trans.

Proteins that can interact with multiple dsDNA molecules
are expected to form DNA loops and are therefore likely to
compact DNA. Confirming this prediction, Smc5/6 readily bound
to and compacted single-end-tethered flow-stretched DNA
(Figures S3G-S3I). Interestingly, the compaction occurred in a
flow-rate-dependent manner with no compaction at flow rates
>20 ul/min (Figure S3I). These results suggest that the compac-
tionis driven by the Smc5/6-mediated capture of thermally driven
DNA loop collisions, rather than active compaction.

We next asked whether the recruitment of ssDNA and dsDNA
in trans is limited to single molecules or if Smc5/6 can recruit mul-
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tiple DNA molecules. We therefore repeated the capture exper-
iments and recorded photobleaching trajectories of single
puncta after flushing out unbound DNA (Figure 3H). To our
surprise, ~79% (303/387) of all trajectories of captured ssDNA
photobleached in more than a single step, showing that the fluo-
rescent puncta in fact contain multiple captured ssDNA mole-
cules (Figure 3l). To quantify the stoichiometry, we estimated
the number of bound ssDNA molecules from the number of pho-
tobleaching steps in each trajectory (Figures S3C and S3D).
Confoundingly, the distribution of captured oligos was not
peaked at a unique value but rather wide (Figure 3J), with a
mean of ~4.0 oligos per punctum. In addition, a non-negligible
fraction of puncta contained six or more oligos. The wide distri-
bution disagrees with a scenario where the observed capture
events are caused by single Smc5/6 molecules featuring a
well-defined number of DNA binding sites. Instead, the data
are compatible with either the unlikely scenario that Smc5/6 fea-
tures more than six additional DNA binding sites, or the likelier
scenario that Smc5/6 itself exists in oligomeric form.

When we repeated the same experiment for dsDNA instead of
ssDNA, we found multi-step photobleaching in ~64% of trajec-
tories (143/222) (Figures 3K, S3E, S3F). As for ssDNA, we also
observed a wide distribution with a maximum of 8 and a mean
of ~3.2 dsDNA molecules per punctum (Figure 3L). Substitution
of ATP with ATPyS resulted in similar observations, suggesting
that ATP hydrolysis is not required for the capture of dsDNA.
As above, these data indicate that either Smc5/6 features nine
or more DNA binding sites or that it exists in oligomeric form.
These results, taken together, show that Smc5/6 can link multi-
ple dsDNA and ssDNA molecules.

Oligomerization in solution and on DNA

The ability of Smc5/6 to bind to multiple molecules of ssDNA
and dsDNA raises the question of stoichiometry, i.e., is
Smc5/6 monomeric? To address this question, we tagged
Smc5/6 with a mixture of cyan- and magenta-colored Qdots
targeting the same epitope to exclude double labeling and
tested its binding to surface-bound dsDNA (Figure 4A). While
many binding events were only detected in one camera chan-
nel, to our surprise we detected a synchronous appearance
of cyan and magenta signal in ~39% (56/141) of binding events
from solution (Figure 4B, left), which indicates that these com-
plexes exist in solution at least in a dimeric form. In addition, we
also detected a sizeable fraction of complexes (~10%) that oli-
gomerized on DNA (Figure 4B, right), i.e., they bound to previ-
ously bound Smc5/6. Clearly identified oligomers, i.e., Smc5/6
that are labeled with two colors, showed the same properties
as Smc5/6 that only acquired one color, including diffusion at
high salt concentration (Figure 4C). We conclude that most—
if not all—fluorescent puncta observed in our experiments
represent oligomeric Smc5/6.

To determine the stoichiometry of Smc5/6 oligomers in solu-
tion, we counted the fraction of magenta-only, cyan-only, or
dual-color puncta, as they first appeared on DNA (Figure 4D,
see Figure 4B for kymograms). We next used statistical infer-
ence (see STAR Methods) to determine the expected fraction
of these values, under the assumption that all oligomers have
the same stoichiometry (Figures S4A-S4C). A higher number
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Figure 3. Smc5/6 interacts with ssDNA and dsDNA simultaneously

(A) Schematic of ssDNA production by rolling circle replication off a circular M13 substrate and its assembly into double-tethered ssDNA curtain.

(B) Wide-field image of Smc5/6 (magenta) bound to ssDNA (unlabeled).

(C) Histogram of binding positions of Smc5/6 on ssDNA (n = 209).

(D) DNA curtains experiment to test for capture of DNA oligonucleotides. Dark Smc5/6 was loaded onto a double-tethered DNA curtain followed by injection of
fluorescently end-labeled oligonucleotides. As a second step, a Qdot label (magenta) targeting Smc5/6 is injected.

(E) Example image of a ssDNA capture experiment outlined in (D).

F) Experiment as in (E), but with dsDNA instead of ssDNA as a capture target.

(

(G) Quantification of the number of fluorescent puncta corresponding to captured ssDNA or dsDNA in the absence or presence of Smc5/6.
(H) Example wide-field view of a time-course of a dsDNA capture experiment.
(

1) Example of fluorescence trajectory of a punctum in an ssDNA capture experiment after flush-out of unbound ssDNA, showing photobleaching of ssDNA labels

in multiple discrete steps. The amplitude after flushing out the ssDNA (black arrow) provides information on the number of captured ssDNA molecules in a
punctum.

(J) Histogram of the number of captured ssDNA molecules per punctum based on single-step photobleaching trajectories (n = 387) see ().
(K) Fluorescence photobleaching trajectory as in (I), but for the capture of dsDNA.

(L) Histogram of captured dsDNA molecules based on single-step photobleaching trajectories (n = 222), see (K). Data were collected from at least 40 DNA
molecules. Error bars represent 68% confidence intervals. See also Figure S3.

of Smc5/6 per punctum is expected to produce a higher num-  (shaded regions in Figure 4D), we find that the average cluster
ber of dual-color detections and vice versa. The predicted size is about two Smc5/6 complexes per punctum. A more
values as a function of average cluster size are shown as rigorous analysis using a maximum likelihood estimator (see
continuous lines in Figure 4D. By comparing the predictions STAR Methods) arrives at the same conclusion (black line in
with the experimentally determined ratio of detected colors Figure 4E).
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Figure 4. Smc5/6 forms oligomers in solution and on DNA

(A) Assay to study protein oligomerization. Smc5/6 complexes were stochastically labeled with Qdots of two different colors to the same epitope and their binding
was visualized using double-tethered DNA curtains.

(B) Example kymograms where oligomeric Smc5/6, i.e., labeled with two different colors, binds DNA from solution (left) or where binding occurs at sites of
previously bound Smc5/6 (right).

(C) Example kymogram of Smc5/6 behavior at 250 mM NaCl, indicating that many observed puncta contain at least two labels, i.e., are oligomers.

(D) Quantification of the fraction of magenta-only, cyan-only, and dual-color binding events (n = 141) in the experiment of (B). Continuous lines in the right graph
represent the expected ratios as a function of cluster size. The intersection of the model lines with the observed values (shaded intervals) indicates an average
cluster size of ~2 molecules/punctum.

(E) Log-likelihood function of the data in (D) as a function of average cluster size, comparing a model where every punctum contains the same number of
monomers (black) to a model where the oligomeric state in a punctum follows a model truncated Poissonian distribution (gray). See STAR Methods for details.
(F) Quantification of high-salt oligomerization on DNA (n = 67) in the experiment of (C) and model comparison as in (D). Data were collected from at least 40 DNA

molecules. Error bars represent 68% confidence intervals.

(G) Log-likelihood function (E) of high-salt oligomerization indicates an average cluster size at high salt of ~3-4 molecules/punctum.
(H) Example kymograms of dynamically dissociating (left, arrowheads) or re-associating (right, arrowheads) DNA-bound oligomers at 250 mM NaCl. See also

Figure S4.

When we repeated the same analysis for Smc5/6 that
diffused freely on DNA at higher salt concentrations, we found
that the fraction of puncta with dual color increased signifi-
cantly from ~39% to ~67% (45/67) (Figure 4F), consistent
with the notion that Smc5/6 oligomers also coagulate on DNA
(cf. Figure 4B). Using the same statistical method as described
before, we find that the detected ratios of magenta-only, cyan-
only, and dual-color puncta are compatible with an average
cluster size of about 2-3 Smc5/6 per punctum (Figures 4F
and 4G).

To validate the robustness of the cluster size prediction, we
applied an alternative model assuming that the number of
Smc5/6 per punctum follows a wider distribution, e.g., a trun-
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cated Poissonian (Figures S4D-S4F). Comparable with the first
model, we find that the inferred average cluster size of Smc5/6
is ~2-3 in solution (gray line in Figure 4E), and ~3-4 after equil-
ibration on DNA (Figure 4G). We note that all estimates of stoichi-
ometry are based on the assumption that there are no unlabeled
complexes. The reported stoichiometries should therefore be
regarded as a lower limit.

In addition to the described dynamics of Smc5/6 cluster
association on DNA, where Smc5/6 clusters can combine into
larger ones, we also observed the reverse process, i.e., the
dissociation of oligomers during diffusive scanning on DNA (10
events observed on 41 kymograms) (Figure 4H). Our results pro-
vide evidence that Smc5/6 forms oligomers in solution that
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Figure 5. Smc5/6 associates with ssDNA-dsDNA fork junctions
A) Microfluidics flow chamber and optical tweezers setup.
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B) Stretching of dsDNA by optical tweezers beyond the melting transition exposes ssDNA around nick sites which is rapidly covered by RPA-mCherry (green).

D) Quantification of the prevalence of dsDNA, ssDNA-RPA tracts and junctions (left) from wide-field imaging (see Figure S5A). Classification of binding events

(
(
(C) Schematic and wide-field image of Smc5/6 (magenta) bound to stretched hybrids of dsDNA and ssDNA-RPA.
(
(

n =142, middle) into dsDNA-bound, ssDNA-bound, or junction bound, and the relative enrichment (right) at these sites. Data were collected from 35 tethers. Error

bars represent 68% confidence intervals.

(E) Flow application perpendicular to the DNA stretches out unpeeled RPA-coated ssDNA (green). Smc5/6 (magenta) is predominantly bound to the ssDNA-

dsDNA fork junction.

(F) Wide-field image and kymogram of Smc5/6 binding to ssDNA-dsDNA hybrids. Complexes in ssDNA regions are static (blue arrows), while those in dsDNA

regions are mobile (red arrows).

(G) Quantification of the fraction of mobile complexes, depending on their binding substrate and the salt concentration. Data were collected from at least 10

tethers. Significance was determined by Fisher’s exact test. See also Figure S5.

diffusively translocate along dsDNA. Diffusively scanning oligo-
meric complexes can dynamically merge or split while bound
to DNA.

Smc5/6 is enriched at ssDNA-dsDNA junctions

As a protein implicated in DNA repair, we surmised that
Smc5/6’s ability to interact with both ssDNA and dsDNA may
help its recruitment to lesions on DNA, which often are charac-
terized by the presence of both ssDNA and dsDNA. We tested
this using a combined optical tweezers and confocal microscopy
assay, which allowed us to force-manipulate single molecules of
A-DNA during concurrent imaging in a microfluidics chamber
with multiple laminar flow channels (Figure 5A). We generated
hybrids of ssDNA and dsDNA by force melting, which exposes
ssDNA around random nick sites along the DNA (Figure 5B
(i)—(ii)). Mimicking in vivo conditions, where unprotected ssDNA
is rapidly sequestered by single-stranded binding proteins,*
we exposed the molecule to RPA-mCherry, which also allowed
us to visualize the ssDNA sections (Figure 5B (jii), green).

We then tested whether Smc5/6 gets preferentially recruited
to the dsDNA sections (dark), ssDNA sections (green), or the
junctions in between (Figure 5C). Corroborating our observations
on DNA curtains that Smc5/6 interacts with both dsDNA and

ssDNA, we found that ~35% (49/142) of complexes were bound
to dsDNA and ~45% (65/142) were bound to ssDNA. In addition,
~20% (28/142) were bound to ssDNA-dsDNA junctions (Fig-
ure 5D, middle). To assess whether Smc5/6 preferentially targets
any of these substrates, we then measured the available length
of dsDNA and ssDNA stretches by imaging (Figures S5A and
5D, left) and determined the resulting enrichment on dsDNA,
on ssDNA, and on junctions, by counting the number of binding
events relative to the available length of DNA substrate (see
STAR Methods). We found that Smc5/6 was relatively depleted
on dsDNA but enriched on ssDNA as well as on ssDNA-dsDNA
junctions (Figure 5D, right).

Smc5/6’s association with both ssDNA and dsDNA indicates
that binding events on junctions represent simultaneous binding
to ssDNA and dsDNA regions. However, it is also conceivable
that on-junction events are solely bound to the tether ssDNA or
the unpeeled ssDNA. To distinguish these scenarios, we re-
corded images of Smc5/6 binding to hybrid substrates with
buffer flow perpendicular to the DNA. As expected from our pre-
vious experiments, we find examples of all scenarios: binding to
the junction (Figure 5E), as well as binding to the ssDNA tract
(Figures S5B and S5C). However, we note that the scenario of
direct binding to the junction as well as direct binding to ssDNA
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Figure 6. Smc5/6 stabilizes ssDNA-dsDNA fork junctions

(A) Kymogram of tracts of RPA and Smc5/6 during force manipulation. Red arrowheads identify tracts of RPA that are not flanked by Smc5/6 (unprotected) and
show complete RPA eviction at low force. The blue arrowhead identifies an RPA tract that is flanked on both sides by Smc5/6. This tract remains RPA bound even
at low force.

(B) Fluorescence profiles of the tether in (A) at low force and high force. Red arrowheads denote unprotected tracts that disappear at low force, blue arrowhead
denotes a protected tract.

(C) Other examples of protected and unprotected tracts, also showing that Smc5/6-stabilized fork junctions are not fixed in place but can move.

(D) Quantification of the fraction of RPA tracts (n = 71) that are protected (i.e., retain RPA) at low force, depending on whether none, one or both ends are occupied
by Smc5/6. Data were collected from at least 10 DNA molecules. Error bars are 68% confidence intervals. Significance was determined by Fisher’s exact test.
(E) ssDNA-bound Smc5/6 can be captured by fork junctions, which affects their dynamic behavior. While the RPA tract size is limited during junction association,

its size suddenly increases after Smc5/6 has dissociated. Also see Figures S6F and S6G.

(F) Cartoon interpretation of (E). See also Figure S6.

is unlikely to be the preferred recruitment mode in a physiological
setting, where dsDNA is much more abundant than ssDNA. We
therefore conducted additional experiments to reveal how
Smc5/6 associates with fork junctions.

Differential dynamics on dsDNA and ssDNA cause
enrichment on ssDNA-dsDNA junctions

The previous experiments have revealed a significant enrich-
ment of Smc5/6 at ssDNA-dsDNA fork junctions, a likely precur-
sor for activation in DNA repair." To understand whether the
recruitment of Smc5/6 to junctions is driven by direct binding
from solution or 1D scanning along the DNA, we next recorded
kymograms of Smc5/6 translocation dynamics after their associ-
ation to ssDNA-dsDNA hybrids (Figure 5F). While Smc5/6 gener-
ally showed diffusive behavior on dsDNA stretches (red arrows),
as previously shown on DNA curtains, proteins bound to the
ssDNA portion were overall static and without detectable move-
ment (blue arrows). We visually classified trajectories into mobile
or static, depending on their binding substrate. At 50 mM NaCl,
~77% (34/44) of dsDNA-bound complexes were mobile, while
only ~1% (1/93) were mobile on ssDNA (Figure 5G). To avoid
misclassification of slowly diffusing complexes into the static
class, we repeated the experiment at 150 mM NaCl to increase
the diffusion speed (see Figures 2B and 2C) and found the
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same clear difference in translocation behavior between ssDNA
and dsDNA (Figure 5G).

In vivo, RPA is abundant™™ and ssDNA is therefore unlikely to
appear in its naked form. Nevertheless, we still wondered if
Smc5/6’s static binding to ssDNA may be a consequence of hin-
dered diffusion due to blockage by the presence of filamentous
RPA, or if Smc5/6 is also static on naked ssDNA. To address this
question, we recorded the translocation dynamics of Smc5/6 on
ssDNA-dsDNA hybrids without RPA present. We found that
Smc5/6 diffuses on DNA at low tension, when tethers contain
only little ssDNA, but converts into a static form at high tension,
when tethers contain more ssDNA (Figure S5D).

The drastically different dynamics of Smc5/6’s motion on
dsDNA compared with ssDNA suggest that Smc5/6 DNA repair
complexes scan dsDNA by 1D diffusion and are stopped by
static association to fork junctions, leading to recruitment to
DNA lesions.

t35

Smc5/6 stabilizes ssDNA-dsDNA fork junctions and RPA
tracts

After characterizing the mechanism of Smc5/6 enrichment to
junctions of ssDNA and dsDNA, we next investigated the down-
stream consequences of this association. ssDNA-dsDNA junc-
tions can occur in a physiological setting by a variety of pathways
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Figure 7. The recruitment of Smc5/6 to ssDNA-dsDNA junctions is important for its biological function

(A) Smc5/6 is implicated in chromosomal maintenance on various substrates that feature the presence of both ssDNA and dsDNA.

(B) Model for the recruitment of oligomeric Smc5/6 to target sites either through direct binding of Smc5/6 oligomers from buffer or through diffusive scanning. Our
experiments provide evidence for oligomerization in buffer as well as for a dynamic redistribution of the oligomerization state on DNA.

(C) Model for Smc5/6’s function in the stabilization of ssSDNA-dsDNA forks and its subsequent SUMO-mediated recruitment and activation of ancillary repair

factors.

and specifically occur as intermediates of HR. In this context,
RPA-bound ssDNA is a necessary intermediate for the formation
of HR-active presynaptic filaments.®'? We therefore returned to
the force-melting assay to investigate how Smc5/6 influences
the stability of RPA tracts. After force-melting, we exposed
tethers to RPA and Smc5/6 and altered the tether tension by
stepping the inter-trap distance between ~15 and ~20 um (Fig-
ure 6A). This resulted in a tether tension of ~65 pN at high dis-
tance and ~5 pN at low distance. As previously, high forces
across the tether exposed ssDNA tracts that were rapidly
covered by RPA (Figure 6A, green). When the force was lowered,
almost all RPA tracts disappeared, indicating that reannealing of
the displaced ssDNA results in the eviction of RPA (red arrows).
Raising the force caused the RPA tracts to reappear, corrobo-
rating our interpretation that RPA tracts form by local unpeeling
of ssDNA around nicks. These observations indicate that RPA
tracts are inherently unstable in a physiological low-tension
setting and require additional factors that either resect the
competing strand or stabilize the junction in a different way to
prevent RPA eviction.

Intriguingly, we observed that RPA tracts that were flanked by
Smc5/6 complexes at their junctions to dsDNA regions resisted
RPA eviction (blue arrow) and remained RPA covered during
repeated force cycles. A quantitative fluorescence profile of
the kymogram of Figure 6A at low and high forces confirms
that RPA tracts without flanking Smc5/6 are completely dis-
solved (red arrows in Figure 6B), but the tract bound on both
sides (blue arrow) remains protected. Figure 6C shows further

examples of doubly Smc5/6-flanked RPA tracts (left), which
remain open (blue arrow), and of unbound RPA tracts (right),
which are dissolved (red arrow).

To quantify whether the protection of RPA tracts correlates
with Smc5/6, we counted the fraction of RPA tracts that resisted
eviction at low force (protected), depending on whether none,
one, or both termini were occupied by Smc5/6. While tracts
that were not flanked by visibly labeled Smc5/6 were protected
in ~11% (5/47) of cases, strikingly the protected fractions were
significantly higher in the case of one occupied terminus
(~72%, 13/18) or two occupied termini (100%, 8/8) (Figure 6D).
In conclusion, Smc5/6 stabilizes ssDNA-dsDNA fork junctions
and protects against the removal of RPA, which is a required in-
termediate step in many DNA repair processes. Our data sug-
gest that this protection function is caused by Smc5/6’s ability
to interact with both ssDNA and dsDNA portions of the fork,
which prevents RPA eviction due to reannealing.

Arigid stabilization of junctions by Smc5/6 may be detrimental
to downstream repair processes, where processing machinery
must remove Smc5/6 at some point. We therefore asked if junc-
tions stabilized by Smc5/6 are static or allow for sliding of the
junction fork. We tracked the RPA tract termini of unprotected
(Figure S6B) and protected tracts (Figure S6C). As RPA-covered
ssDNA and dsDNA have widely different persistence lengths, the
directly accessible coordinate of molecular extension is not a
good reporter on the true tract contour length. Instead, we
used polymer models to determine the contour length of the
tracts (STAR Methods; Figure S6A). As previously, most
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unprotected RPA tracts were rapidly dissolved at low force
through strand reannealing (arrowheads in Figure S6D). Strik-
ingly, however, we found that Smc5/6-stabilized RPA tracts
were not completely static but allowed for junction sliding and
slow strand reannealing (arrowheads in Figure SGE).

Similarly, we observed that Smc5/6 also associates with fork
junctions when it is initially bound to ssDNA regions (Figures 6E
and 6F, also see Figures S6F and S6G). Upon encountering and
capturing the fork junction, Smc5/6 is pushed along the DNA.
During high-force periods, the Smc5/6-bound RPA tract is kept
from returning to its initial size, implying that Smc5/6 stabilizes
the fork. In addition, the complex slows the reannealing of the
displaced strand and removal of the RPA tract during low-force
periods. After the stochastic dissociation of Smc5/6, the RPA
tract increases in size. We conclude that Smc5/6 can localize to
junctions via diffusion on dsDNA where it stabilizes RPA tracts
by slowing its ssDNA-reannealing-mediated eviction.

Taken together, our results imply that Smc5/6 is recruited to
and stabilizes ssDNA-dsDNA fork junctions which we artificially
produced using force melting (Figure S6H), but which occur
in vivo in a variety of processes in a physiological setting, such
as during HR, on stalled replication forks, or at telomeres.
Through direct association to and stabilization of the fork
junction, Smc5/6 prevents the eviction of RPA. We speculate
that, in addition to preventing the eviction of RPA, Smc5/6’s
SUMOylation activity may then lead to the recruitment and
activation of downstream repair factors.

DISCUSSION

The Smc5/6 complex, like its SMC siblings cohesin and conden-
sin, plays a major role in the organization and maintenance of
chromosomes. While there is a general consensus on the salient
roles of condensin and cohesin, the former being implicated in
the condensation of chromosomes, the latter in the establish-
ment of topologically associating domains and sister chromatid
cohesion,® Smc5/6’s principal role remains elusive to date.
Nevertheless, the complex has been recognized as a DNA repair
protein involved in the repair of DSBs, the recovery from stalled
replication forks as well as the maintenance of telomeres, in part
through its coordinative roles in HR-associated processes.>'*'®
Homologous recombination can lead to toxic intermediates that
need to be processed before chromosome segregation. Smc5/6
regulates, through an unclear mechanism, the proper removal of
these intermediates both in the context of meiotic recombina-
tion’° and of challenged replication forks at DNA damage sites
or of replication stress.”'? Smc5/6’s roles at replication forks
extend beyond resolution of intermediates, with the complex
implicated in the incipient phase of recombination intermediates
generation as well.'*'*

Intriguingly, the structural features of intermediates associ-
ated with these processes share the same hallmarks: close prox-
imity of dsDNA to exposed ssDNA or ssDNA-RPA (Figure 7A).
This has led to proposals that Smc5/6’s role in these repair path-
ways may be defined by its ability to recognize lesion-associated
DNA structures®® and activate downstream repair responses, for
example, through the recruitment and activation of intermediate-
removing helicases, such as Sgs1 or Mph.’
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Our experiments demonstrate a potential mechanism of how
Smc5/6 may be recruited to stress intermediates and prepare
them for an efficient downstream repair response, illustrating
how observable molecular properties can predict a likely mech-
anism of Smcb5/6’s involvement in DNA repair.

A complex scanning for lesions
Diffusive motion on dsDNA and recruitment to lesions
While the importance of Smc5/6 in the repair of DNA lesions has
been well described in genetic screens, the mechanism of how it
is recruited to these sites is less clear. Our experiments revealed
that Smc5/6 translocates by 1D diffusion along dsDNA but stat-
ically interacts with exposed ssDNA (Figure 5F). This mechanism
provides a simple explanation for how Smc5/6 accumulates at
lesions that are characterized by a close proximity of dsDNA
and ssDNA. In vivo, exposed ssDNA is rapidly covered and pro-
tected by single-stranded binding proteins, such as the bacterial
SSB or the eukaryotic RPA. Corroborating the proposed mech-
anism, coverage of ssDNA by RPA did not prevent binding of
Smc5/6 (Figure 5C). This finding confirms predictions made on
the complex’s interaction with RPA-covered ssDNA in previous
studies.?"35:37

A mechanism of diffusive search on dsDNA may not be unique
to Smc5/6 in the world of SMC complexes. In fact, diffusive mo-
tion on dsDNA has been observed for other eukaryotic SMC
proteins, such as cohesin®’*? or condensin.®° The prokaryotic
bsSMC shows both diffusive and static motion on dsDNA.*® A
similar bivalent motion mechanism has also been shown for
the isolated cohesin subunit Scc3/SA2, which diffusively translo-
cates on dsDNA and statically interacts with ssDNA regions.*°
Furthermore, a comparable diffusion search mechanism is
employed by other proteins involved in DNA repair, such as
the mismatch repair protein MutSa.”® We propose that, for
Smc5/6, different dynamics of interaction with dsDNA or ssDNA
allows the complex to scan along dsDNA until it encounters a
lesion, defined by a ssDNA-dsDNA interface. Stable binding of
the complex marks this interface for further processing.

Corroborating this model, in vivo studies have suggested that
dsDNA binding is required for association with chromatin, while
ssDNA association is not.*" Inactivation of the ssDNA interaction
at the hinge leaves the cell sensitive to replication stress and
DNA damage, but Smc5/6 chromatin loading in unperturbed
cells remains unchanged,”® suggesting that ssDNA binding
may be necessary only in the complex’s coordinating role in
recombination but not for chromatin association.*' Based on
these observations we propose that, in vivo, Smc5/6 recruitment
to the ssDNA-dsDNA junction occurs through, first, Nse3-
dsDNA-interaction-driven loading on chromatin,*'** followed
by free diffusion on dsDNA until encounter of the ssDNA-dsDNA
interface.
Nucleotide dependence
The crucial role of nucleotide turnover in the complex’s function-
ality is emphasized by its ATPase activity, which dictates both
its efficient association on chromatin®' and the activation of
the SUMO ligase which triggers recruitment of repair factors
containing SIM domains.'>'®

In our single-molecule setup, the Smc5/6 holocomplex shows
binding to dsDNA largely independently of nucleotide presence,
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in line with previous bulk investigations of the Smc5/6 dimer”' or
the holocomplex.?? In addition, we show that nucleotide identity
seems to play a role in regulating the binding dynamics (Fig-
ure 1D). In the absence of nucleotide, or in the presence of
ATPyS, Smc5/6 exhibited long lifetimes, while ADP or ATP
moderately but measurably increased the off-rate of the com-
plex. The enhanced binding observed in absence of ATP corrob-
orates the outcome of a pull-down study investigating stable salt
association with circular DNA of the complex,44 where lower salt
buffer wash led to a slightly enhanced Smc5/6 binding in the
nucleotide-free state. Based on these observations, we specu-
late that ATP hydrolysis makes the complex dissociate and be
recycled or that it allows it to come off when it does not lock
into the right substrate.

Confoundingly, the ATPyS-bound complex exhibited an
increased number of DNA binding events, similar to observations
of enhanced retention of Smc5 on ssDNA under the same nucle-
otide state.”® The ATPyS-bound state is characterized, accord-
ing to crosslinking studies, by a lack of head engagement.** We
speculate that, in this head-disengaged state, the complex may
be prone to enhanced DNA binding—in particular to partially
melted structures.

Nucleotide state has been shown to determine also the topo-
logical nature of the DNA interaction. Our single-molecule inves-
tigation, using linear DNA and in the presence of ATP, permitted
the direct visualization of topologically associated Smc5/6:
dissociating from a free DNA end (Figure 2E) or being pushed
without dissociation in a double-tethered DNA setup (Fig-
ure 2SB). Bulk pull-down studies with circular DNA substrates
have also indicated that the complex can bind topologically in
ATP-dependent manner, the hexamer complex stably associ-
ating with both nicked and negatively supercoiled plasmid at
high salt,“® while the octamer was further shown to topologically
entrap positively supercoiled substrates as well as kinetoplast
DNA.??

Oligomerization

In this work, we demonstrated that Smc5/6 oligomerizes both in
solution and on DNA, with a minimum number of two Smc5/6 per
oligomer. Crucially, we observed that DNA-associated scanning
Smc5/6 oligomers can merge and dissociate, indicating that the
oligomerization likely occurs in a dynamic equilibrium (Figure 4).
Whether proteins involved in DNA repair act as monomers or
self-associate into oligomeric forms is an ongoing topic of inves-
tigation. Similar to Smc5/6, DNA repair processing complexes
such as the SMC-like Mre11-Rad50 (MR) complex*’ or the
recombination mediator BRCA2*® have recently been shown to
have a biologically active oligomeric state. Interestingly, oligo-
merization has also been reported for related proteins of the
SMC family, such as condensin,*® cohesin,”® or MukBEF.”" We
therefore speculate that oligomerization may be a functional
feature that is conserved among many proteins involved in chro-
mosomal organization or DNA repair.

The observation of oligomerization warrants a second take on
the experimental observation of end-dependent dissociation of
complexes (Figures 2D-2G). In previous studies, end-dependent
dissociation of diffusive molecules at high salt concentration has
suggested that these proteins are topologically bound to DNA,
i.e., they encircle the DNA strand.?’**> For monomeric proteins,
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this model predicts the presence of a topological opening inside
the complex’s ring-like structure. However, the clear observation
of oligomeric Smc5/6 provides an alternative molecular interpre-
tation of the same end-dependent dissociation observed for
Smcb/6 (Figures 2D-2G), where the DNA is still topologically
bound, but encircled by multiple Smc5/6 complexes instead of
a single complex in a so far unknown topological arrangement.
Compaction of DNA substrates as a general hallmark of
repair proteins for recruitment and activation
In line with previous observations carried on a magnetic twee-
zers setup,”>*®> Smc5/6 in our DNA curtains assay was able to
compact dsDNA at low tension (Figures S3G-S3l) and to bind
dsDNA in trans (Figure 3). Furthermore we show that the com-
plex can link ssDNA and dsDNA molecules (Figure 3). The ability
to connect multiple DNA molecules appears to be especially
relevant considering the previously discussed difference in
movement on dsDNA compared with ssDNA. These observa-
tions predict that simultaneous binding to dsDNA molecules is
dynamic with sliding movement of DNA relative to Smc5/6. It is
conceivable that this mechanism in vivo leads to an increase of
local DNA concentration that increases the search efficiency
for lesions.?*?°

We envision that, upon encounter with ssDNA around
lesion sites, Smc5/6 will lock its movement while retaining a
locally compacted environment of DNA as a recruitment
platform for additional repair factors. Consequential accumula-
tion of Smc5/6 on ssDNA then likely triggers the activation
of Smc5/6’s Nse2 SUMO ligase, which is preferentially acti-
vated by ssDNA,°® leading to self-SUMOylation of Smc5/6,
SUMOylation of RPA and Rad52/59,°° and the recruitment
and activation of the Sgs1-Top3-Rmi1 (STR) complex, also
known as the dissolvasome.'®®

Supporting our model of compaction-driven recruitment and
activation, strong compaction of DNA and local concentration
enhancement of repair factors through the establishment of
phase-separated repair foci appears to be a general hallmark
of DNA repair,>*>° meiosis,’® and the telomeric ALT pathway.'”

The ability to capture a second DNA molecule has been previ-
ously observed for yeast cohesin®®°” and thus could be a shared
feature among SMC molecules.
RPA protection/observation of recruitment to “forks”
and consequences
In addition to observing the recruitment process to lesions, our
experiments also provide insights into the direct consequences
of Smc5/6 binding to hybrid ssDNA-dsDNA structures that
resemble the structure of stalled replication forks or HR interme-
diates, before activation. Interestingly, we observed that, in the
absence of Smc5/6, RPA binding at low tension is not able to
withstand eviction by reannealing and competition of the dis-
placed strand. However, Smc5/6 association to the ssDNA-
dsDNA junction ends of RPA-covered ssDNA tracts stabilizes
them and slows down the eviction of RPA, in a mechanism
that is likely determined by Smc5/6’s binding affinity to both
ssDNA and dsDNA. Crucially, while Smc5/6 binding to the fork
junction increased the stability of RPA, it did not completely
abolish its removal but permitted slow sliding of the junction.
Prevention of junction collapse might therefore contribute to
maintaining the replication fork in a conformation prone to
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replication restart'® or, in the context of meiotic recombination,
constrain D-loop extension and unwanted Holliday junction
branch migration.?®

In summary, our experiments have revealed important aspects
of how molecular properties of Smc5/6 complexes contribute to
its role as a DNA repair protein in the repair of lesions, the recov-
ery from stalled replication forks and telomere maintenance
(Figure 7A). We propose that oligomeric Smc5/6 acts as a marker
protein that recognizes lesions/junctions of ssDNA-RPA and
dsDNA (Figure 7B) where it stabilizes the junction, creates repair
foci by enhancing the local concentration of DNA as a loading
platform for additional factors, and, through its Nse2 subunit,
activates these additional repair proteins by SUMOylation
(Figure 7C).

Limitations of the study

Our work revealed a different mode of interaction of the Smc5/6
complex on ssDNA vs. dsDNA, defining a likely model for its role
at sites of stressed replication forks of DNA lesions. Our experi-
ments demonstrate a stable association with ssDNA, which
leads to a stabilization of the ssDNA-RPA and dsDNA junctions.
Our study nevertheless has limitations. In the context of DNA
repair, the Nse2 unit, a SUMO ligase, plays a pivotal role leading
to recruitment of additional repair factors. Although our work re-
ports on the SUMOylation capable holocomplex we have not
examined how activation of the SUMO ligase impacts the com-
plex’s mechanism in DNA repair. It would be interesting in future
work to expand on present findings into examining how the acti-
vated Smc5/6 enlists downstream repair factors.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal anti-HA High Affinity (3F10) Sigma-Aldrich Cat#11867423001;
RRID: AB_390918

Bacterial and virus strains

Rosetta™(DE3)pLysS E.coli Sigma-Aldrich Cat#70956

Rosetta™(DE3) E.coli Sigma-Aldrich Cat#70954

Chemicals, peptides, and recombinant proteins

DTT Carl Roth Cat#6908.4

B-mercaptoethanol Fisher Scientific Cat#10367100

ATP Sigma-Aldrich Cat#A26209-5G

Desthiobiotin Fisher Scientific Cat#12763064

SimplyBlue™ SafeStain Fisher Scientific Cat#L.C6065

cOmplete, mini, EDTA-free protease-inhibitor mix Sigma-Aldrich Cat#4693159001

Pierce™ Universal Nuclease for Cell Lysis Thermo Fisher Cat#88702

d-biotin Fisher Scientific Cat#10746064

Biotin-14-dCTP
Biotin-14-dATP
BSA

Jena Bioscience
Jena Bioscience
Sigma-Aldrich

Cat#NU-956-BIO14-S
Cat#NU-835-BIO14-S
Cat#A7030-10G

Critical commercial assays

StrepTrap HP

HiTrap Heparin

Superose 6 Increase 10/300 GL

HisTrap HP

HiTrap CaptoQ

SiteClick Qdot 705 Antibody Labeling Kit
SiteClick Qdot 605 Antibody Labeling Kit

GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
Fisher Scientific
Fisher Scientific

Cat#29-0486-53
Cat#17-0407-01
Cat#29-0915-96
Cat#17-52348-01
Cat#11-0013-02
Cat#15198735
Cat#15136585

Experimental models: Organisms/strains

Yeast strain: MATa leu2-3,112 trp1-1
can1-100 ura3-1 ade2-1 his3-11,15
Lys2:pGAL1-GAL4::LYS2 pep4::

HIS3 bar1::hisG

Yeast strain: MATa leu2-3,112 trp1-1
can1-100 ura3-1 ade2-1 his3-11,15
Lys2::pGAL1-GAL4::LYS2 pep4::HIS3
bar1::hisG [pRS424-GAL-SMC6-3xStrepll-
SMC5-NSE4-His-3HA] [pRS426-GAL-
NSE1-NSE3-NSE6-NSE2-NSE5]

Gutierrez-Escribano et al.”” N/A

Gutierrez-Escribano et al.?? N/A

Oligonucleotides

5’ Bioligo oligo 5’ —BIOTEG—TTT TTT
TITTITTITTIT TIT TIT TIT TIT
GTA AAA CGA CGG CCA GT

ssDNA linker oligo 5’GGG CGG CGA
CCT GGA CAG CTA GTG GCA CAA
ssDNA-5'bio oligo 5'BIO-T(bio-dT)C
TAT TCC ACT TCA ACT TTG TGC
CAC TAG CTG TCC

Metabion

Metabion

Metabion

N/A

N/A

N/A

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
capture01 oligo IDT N/A

5'‘ATATATCTGACGCGTGCCTGG
AGACTGGGGAGTAATCCTCTTG
GCGGTT-Alexa594-AAA

capture02 oligo Metabion N/A

5’ TTTAACCGCCAAGAGGATTACTC
CCCAGTCTCCAGGCACGCGTCAG

ATATATACATCCTGT

Recombinant DNA

pRS424-GAL-SMC6-3xStrepll- Gutierrez-Escribano et al.?” N/A
SMC5-NSE4-His-3HA

pRS426-GAL-NSE1-NSE3- Gutierrez-Escribano et al.* N/A
NSE6-NSE2-NSE5

p11d scRPA-mCherry-His Gibb et al.”® N/A
pTXB3-¢29 DNA polymerase Gibb et al.** N/A

Software and algorithms

Igor Pro 8 Wavemetrics N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Johannes
Stigler (stigler@genzentrum.Imu.de).

Materials availability
This study did not generate new, unique reagents.

Data and code availability statements
® Unprocessed data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains
The Smc5/6 holocomplex was expressed inW303 background Saccharomyces cerevisiae strain.

The strain used in this work is:

MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 Lys2::pGAL1-GAL4::LYS2 pep4::HIS3 bar1::hisG [pRS424-GAL-
SMC6-3xStrepll-SMC5-NSE4-His-3HA] [pRS426-GAL-NSE1-NSE3-NSE6-NSE2-NSE5]

Yeast cells were grown at 30°C in selective drop-out media (-Trp, -Ura) supplemented with 2 % raffinose, 0.1 % glucose.

METHOD DETAILS

Plasmids
Plasmid for expression of Smc5/6 holocomplex:

GC1204 (pRS426-GAL7promoter-NSE1-NSE3-GAL1-10promoter-NSE6-NSE2-GAL1-10promoter-NSE5 URA3], GC1198
[PRS424-GAL 7promoter-SMC6-3xStrepll SMC5-GAL1-10promoter-NSE4-8xHis-3xHA TRP1]

Expression and purification of Smc5/6 holocomplex

Expression plasmids used for the Smc5/6 holocomplex were described in a previous study.”” Proteins were expressed and purified
similar to a published protocol.” After transformation, yeast cells containing both plasmids were grown at 30°C in selective drop-out
media supplemented with 2% raffinose, 0.1% glucose to an OD600 of 0.8-1.0. After expression was initiated by addition of 2%
galactose, the cells were grown for further 16 h at 20°C and harvested by centrifugation (30 min, 4000 rpm, 4°C). Pellets were washed
with PBS, resuspended in 2/3 volume 200 mM NaCl-Buffer A (25 mM Hepes pH 7.5, 5% glycerol, 5 mM B-mercaptoethanol)
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containing cOmplete EDTA-free protease-inhibitor mix (Roche), frozen in liquid nitrogen and stored overnight at —80°C. Cells were
then lysed in a freezer mill (SPEX Sample Prep Freezer/Mill 6970 EFM) and thawed for 2 h on ice before adding 1/3 volume 200 mM
NaCl-Buffer A containing Pierce™ Universal Nuclease for Cell Lysis (0.1 uL/mL). After 1 h of further incubation at 4°C, the lysate was
centrifuged (1 h, 17000 rpm, 4°C), the supernatant was filtered through 0.22 um filters (Millipore) and loaded on a 1 mL Strep Trap™
HP (GE Healthcare). Protein was eluted with Buffer B (5 mM desthiobiotin in 200 mM NaCl-Buffer A), the fractions of interest were
pooled and sample salt content was adjusted to 150 mM NaCl. Protein sample was filtered (0.22 uM, Millipore) and loaded on a
5mL HiTrap™ Heparin (GE Healthcare) pre-equilibrated with 150 mM NaCl-Buffer A. Protein was eluted from the column with a linear
gradient of 15-100 % Buffer A. The eluted protein fractions were pooled, concentrated (Amicon 100 kDa), adjusted to 300 mM NaCl
and loaded on a size-exclusion column (Superose 6 Increase 10/300 GL, GE Healthcare). Fractions containing the Smc5/6 holocom-
plex were pooled, concentrated (Amicon 100 kDa), flash frozen, and stored at —80°C. Integrity of Smc5/6 holocomplex was
confirmed by SDS PAGE (8% acrylamide gels stained with SimplyBlue™ SafeStain, ThermoFisher) and mass spectrometry
(Table S1).

mCherry-RPA expression and purification

A plasmid (p11d) for mCherry tagged S.cerevisiae Replication Protein A (RPA)°® was kindly provided by Dr. Bryan Gibb. The protein
was expressed in Rosetta™(DE3)pLysS cells and purified similarly to a published protocol.>* In brief, 1 L of cell culture was grown at
37°C to an OD600 of 1.0. The temperature was reduced to 18°C and expression was induced with 0.3 mM of IPTG. Cells were grown
for another 18 h, harvested (centrifugation, 4000 rpm, 4°C), washed with PBS, flash frozen with liquid nitrogen and stored at —80°C.
The cells were then thawed and resuspended in Buffer C (50 mM NaKPO4, 150 mM NaCl, 10 mM imidazole, pH 7.4) supplemented
with protease inhibitor and 1 mM PMSF and lysed by sonication on ice. The supernatant was filtered (0.22 M, Millipore) and loaded
on a5 mL His Trap™ HP column (GE Healthcare). After a wash with Buffer D (50 mM NaKPO4, 150 mM NaCl, 20 mM imidazole,
pH 7.4), the protein was eluted from the column with a gradient of 0-100% Buffer E (50 mM NaKPO4, 150 mM NaCl, 1 M imidazole,
pH 7.4). Peak fractions were pooled, dialyzed against 1 L Buffer F (20 mM Tris pH 7.4, 40 mM NaCl, 1 mM DTT, 0.5 mM EDTA) and
loaded on a 1 mL HiTRap™ CaptoQ™ (GE Healthcare) column preequilibrated with Buffer G (20 mM Tris pH 7.4, 1 mM DTT, 0.25 mM
EDTA). Protein was eluted using a 4-30% linear gradient to Buffer H (20 mM Tris pH 7.4, 1 M NaCl,1 mM DTT, 0.25 mM EDTA). Frac-
tions containing the protein of interest were pooled and dialyzed into 1 L Buffer | 20 mM Tris pH 7.4, 100 mM NaCl, 1 mM DTT, 0.1 mM
EDTA), concentrated with PEG8000 and then dialyzed into Buffer J (20 mM Tris pH 7.4, 100 mM NaCl, 1 mM DTT, 50% glycerol).

®29 polymerase expression and purification

A plasmid containing 3xFLAG tagged ®29 polymerase,** kindly provided by Dr. Bryan Gibb, was transformed into Rosetta (DE3)
cells. Cells were grown in 1L of LB medium and protein expression was induced with 0.3 mM IPTG. Expression was carried out
for further 16 h at 18°C. Cells were recovered (centrifugation, 4000 rpm, 4°C), resuspended in Buffer K (25 mM Tris—HCI pH 7.4,
500 mM NaCl, 5% glycerol, 5 mM imidazole, protease inhibitor) and lysed by sonication on ice. The lysate was then clarified
(0.22 uM syringe filtered, Millipore) and loaded on a 5 mL His Trap™ HP column (GE Healthcare). After sample application, unbound
proteins were washed from the column with Buffer L (25 mM Tris—HCI pH 7.4, 500 mM NaCl, 5% glycerol, 5 mM imidazole). Elution of
the protein of interest was carried out with a 0-100% gradient of Buffer M (25 mM Tris—HCI pH 7.4, 500 mM NaCl, 5% glycerol,
500 mM imidazole). Protein fractions were pooled together and applied to a chitin resin (NEB). After a wash with Buffer N (25 mM
Tris—HCI pH 7.4, 500 mM NaCl), the resin was incubated overnight at 4°C in 50 mM DTT in Buffer N allowing the recovery of the pro-
tein of interest. The protein sample was dialyzed into Buffer O (10 mM Tris-HCI, pH 7.4, 100 mM NaCl, 1 mM DTT, 0.1 mM EDTA, 50%
glycerol).

DNA curtains setup

DNA curtain experiments were carried out as described previously® on a prism-type TIRF microscope (Nikon Eclipse Ti2), equipped
with two illumination lasers (488 nm and 561 nm, Coherent OBIS), an electron multiplying charged coupled camera (iXon Life, Andor)
and a syringe-pump-driven microfluidics system supplying the sample chamber. Custom made flow cells were assembled from sil-
ica-fused slides grafted with chromium barriers produced via E-beam lithography and cover slips with double sided tape. Videos
were recorded in NIS Elements (Nikon) at 100, 200 or 500 ms resolution and were analyzed in Igor Pro 8 (Wavemetrics) using custom
written code.

Experiments were carried out in Buffer R (40 mM Tris-HCI pH 7.5, 2 mM MgCl,, 1 mM DTT, 1 mg/mL BSA) supplemented with an
oxygen scavenger (glucose oxidase/catalase, 0.8% glucose) unless stated otherwise. For dsDNA visualization 0.16 nM YOYO-1 was
added to the buffer. Smc5/6 complexes were visualized by labeling them with quantum dots (SiteClick™ Qdot™ 705 Antibody
Labeling Kit, ThermoFisher) conjugated to anti HA antibodies (Anti HA High Affinity, clone 3F10, Roche).

For dsDNA curtains, DNA molecules from A bacteriophage (NEB), labeled with biotin and digoxigenin at the ends, were tethered to
the lipid bilayer (DOPC, DOPE PEG, DOPE biotin) passivated surface via biotin-streptavidin interaction for free DNA end measure-
ments (single-tethered curtains) and additionally via digoxigenin-anti digoxigenin antibody interaction for double-tethered curtains.
DNA was flow-stretched over the Cr barriers to align in an array.

For ssDNA curtains, ssDNA substrate was generated as described previously®* from an M13mp18 (NEB) template. Briefly, the
ssDNA substrate was annealed with 5'Bi-oligo in annealing buffer (10 mM Tris-HCI, pH 8.0, 50 mM NaCl, 10 mM MgCl,) for 5 min
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at 95°C and slowly cooled down to room temperature. The biotinylated template was then used in a rolling circle reaction with in-
house purified ®29 polymerase (3.6 uL from 7.8 uM protein stock, 60 min reaction time, quenched with 75 mM EDTA) generating
long stretches of linear ssDNA (up to 70k nucleotides). Before applying the ssDNA to the flow cell, RPA was transiently loaded to
allow, through its unspecific adsorption at the downstream barriers, tethering of the ssDNA molecules. The other DNA end was
anchored to the surface through biotin-streptavidin binding. Secondary structures as well as excess template were flushed out
with a pulse of 6 M Urea.

DNA curtains experiments

dsDNA binding experiments

dsDNA binding measurements were carried out on single-tethered DNA curtains. Smc5/6 samples were prepared by incubating the
protein with Qdot705 in a 1:2 ratio for 10 min on ice in Buffer R supplemented with 25 mM KCI and 25 mM NacCl. Prior to injection on
DNA curtains, 100 uM biotin (used throughout all the experiments) and, when indicated, 1 mM ATP, were added to the protein sam-
ple. Protein was incubated on DNA curtains for 20 min without flow. Unbound protein was flushed out afterwards and bound protein
could be identified by moving with the DNA upon flow application.

Lifetime measurements

For lifetime measurements, Qdot705-tagged Smc5/6, prepared as before and supplemented with different nucleotides (none, ADP,
ATPvS, or ATP), was loaded on a double-tethered DNA curtain. After protein arrival, the flow was stopped and videos were
recorded for additional 10 min. To decrease photo-induced DNA damage, the DNA was illuminated only every 10th frame with
the 488 nm laser. Lifetimes were determined from manually analyzing kymograms. Survival plots were obtained using a Kaplan-
Meier estimator and error bars were estimated from bootstrapping. Curves were then fitted to a double exponential model
Sty = (1 - f)e’é +fet/" where 15 and 7, are the short and long lifetimes, respectively, and f is the fraction of long lifetimes.

Diffusion experiments

In the case of diffusion experiments, after protein sample application, the buffer was exchanged to R buffer containing 0, 100 or
250 mM NaCl and then the flow was stopped. Fluorescent protein complexes were tracked individually by selecting regions of inter-
est (ROI) that contain single complexes. Within the regions, the position was determined by fitting a two-dimensional Gaussian.
Localizations with large fitting uncertainties or low fluorescence amplitudes were discarded. Diffusion constants were then deter-
mined on a per-complex basis using a published covariance-based estimator.*®

End-dependent dissociation

To determine the dissociation position of Smc5/6 on single-tethered DNA molecules, protein sample supplemented with 1 mM ATP
was loaded onto DNA curtains and the protein binding positions were recorded on buffer-flow-stretched DNA. The running buffer
was then exchanged to Buffer R supplemented with 250 mM NaCl while maintaining the flow. Protein binding and dissociation
positions were determined from kymograms.

ssDNA binding experiments

Measurements were conducted on naked double-tethered ssDNA curtains with Smc5/6 protein sample prepared as in the case of
dsDNA curtains. Protein was loaded on established curtains, videos were recorded and histograms of the binding positions Smc5/6
were generated.

Second-capture of dsDNA and ssDNA

Capture assays were conducted with unlabeled protein (in 50 mM NaCl supplemented R buffer, 1 mM ATP) loaded onto double-teth-
ered DNA curtains. After a 5 min incubation, 16 nM AlexaFluor-594 end-labeled 61-mer oligonucleotide (capture01) were injected in
the sample chamber. After flush-out of excess oligonucleotides and further incubation, Qdots were injected for protein visualization.
The same setup was used for dsDNA capturing. Double-stranded DNA used in that case was generated from the ssDNA oligonucle-
otide used in the ssDNA capture assay through annealing with the complementary oligonucleotide (capture02). The annealing reac-
tion was carried out for equimolar single-stranded oligonucleotides in annealing buffer (10 mM Tris pH 7.5, 50 mM NaCl, 1 mM EDTA).
The reaction mixture was incubated for 5 min at 95°C and slowly cooled down to room temperature.

After recording videos, fluorescence trajectories F(t) of captured oligonucleotides were analyzed using a modified step-finding
algorithm based on work by Kalafut et al.,°° where a constraint of constant step size (corresponding to the fluorescence f of a single
fluorophore) was introduced. Step size histograms showed clear peaks for the photobleaching of one or multiple fluorophores, as
well as the occasional reappearance of fluorescence due to fluorophore blinking (Figures S3C and S3E). The fluorescence of a single
fluorophore was estimated from gaussian fits to these histograms. The number of captured oligonucleotides in a punctum was then
determined from the initial fluorescence amplitude of a photobleaching trajectory as F(0)/f.

DNA compaction

For compaction experiments, 50 nM Smc5/6 (sample buffer: 40 mM Tris-HCI, pH 7.5, 50 mM NaCl, 4 mM MgCl,, 1 mM DTT, 100 uM
biotin) in presence of 2 MM ATP were loaded onto single-tethered curtains under different flow conditions. For no flow experiments,
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protein was loaded under high flow (300 pL/min), followed by incubation in absence of flow for 15 min. For continuous flow exper-
iments, protein was initially loaded under high flow (5—10 s) and then the flow rate was changed to low flow (10 or 20 uL/min) until
most of the protein was loaded. Compaction was verified by applying high flow at the end of the measurements, followed by injection
of 250 mM NaCl which allowed compacted DNA stretches to recover to full length. DNA initial and compacted lengths determined
from kymograms allowed an estimation of compaction rates under the specified conditions.

Oligomerization
To determine the degree of Smc5/6 oligomerization, dual color labeling experiments were carried out on double-tethered curtains.
Protein sample was prepared in 50 mM NaCl-Buffer R by incubating Smc5/6, with the same quantity of 2 different colors quantum
dots (Qdot605 and Qdot705) which can be detected on two distinct camera channels. Buffer was exchanged to 250 mM NaCl for
some experiments to induce diffusive motion.

The degree of oligomerization was determined from a statistical model. Given a cluster with N labelable units, the PMF
of the numbers c¢,m of units to acquire cyan and magenta labels, respectively, is given by a trinomial distribution f(c, m;N, pc,

Pm) = ngpmﬁ — pe — Pm)V"°~™, which we parameterize by the overall labeling efficiency k = pe + P and the labeling

asymmetry ratio y = pc/pm, which accounts for differences between the Qdot labels.
From this, we determine the probability that a detected cluster of fixed size N has only cyan or only magenta labels

1 N 1 N
Peony = o 2 (@ 0Nos ), Poony = 3 1(0,m:Nor)
where the normalization factor « = 1 — f(0,0; N, k,v) is the probability that the cluster carries a label at all. The probability of
acquiring labels of both colors is then pguas = 1 — Pcony — Pmoniy-

To account for the possibility that cluster sizes may not be equal, we introduce the distribution of cluster sizes ¢(N; u), parame-
terized by the mean cluster size u. For the general case of non-fixed cluster sizes, the probability that any given cluster carries
only cyan or only magenta labels is then (e {cOnly,mOnly})

P (k) = id)(N; )P

The probability that a given cluster has two labels is pgflfa, = 1 — Pcony — Pmoniy-

While the calculation can in principle be done for many distributions ¢, we here considered two distribution models: (1) All clusters
have the same size: ¢(N; ) = 1 (N = u) and O (otherwise). (2) Clusters have a stochastic distribution, modeled by a truncated Pois-
sonian: ¢(N;u) = pNe #/(NI(1 — e #)).

The labeling asymmetry ratio v was found by comparing the observed labeling ratio with the model-predicted one. In addition, v
can also be estimated from a maximum-likelihood approach. In either case, we find vy = ~ 1.2-1.4. Importantly, the shape of the
likelihood function only weakly depends on v (Figure S4G) and the conclusions are unaffected by asymmetric labeling.

Optical tweezers setup & measurement modes

Optical tweezers experiments were conducted on a dual-trap C-trap (LUMICKS) with microfluidics and confocal microscopy
(488 nm, 561 nm and 638 nm lasers) capabilities. Experiments were recorded using Bluelake software provided by LUMICKS and
data obtained was analyzed with custom written code in Igor Pro 8. Measurements were carried out in a five-channel flow cell, a mo-
bile stage allowing seamless optical trapping in each of the 5 channels. Channel 1-3 separated by laminar flow were used for DNA
trapping, while the remaining two orthogonal channels were used for protein loading and buffer exchange respectively. Streptavidin
coated polystyrene beads (4.38 pm, SPHERO™ Streptavidin Polystyrene, Spherotech) were trapped and subsequently moved to the
DNA channel. Tethering was established through cyclic movement of the mobile trap towards and away from the fixed trap under
flow. Experiments were carried out at room temperature in a buffer containing 50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 4 mM
MgCl,, 1 mM DTT, 0.5 mg/mL BSA, supplemented with 1 mM ATP. Buffer salt concentration was exchanged as indicated to 150
or 250 mM NaCl. An oxygen scavenger system (glucose oxidase/catalase, 0.8% glucose) was added to the imaging channels
and 100 pM biotin to the protein sample. For visualization of ssDNA tracts 16 nM mCherry-RPA (561 nm laser line) was used while
0.16 nM YOYO-1 (488 nm laser line) was used for dsDNA tracts when indicated. Protein was labeled, as described for DNA curtains,
by incubating 5 nM Smc5/6 complex on ice with twice the amount of anti HA Qdot705. Fluorescence was recorded either as image
scans or as line scans (kymograms) along the DNA molecule. For visualization only, each scan line was passed through a Richardson-
Lucy deconvolution filter. All image quantification was performed on non-deconvolved raw image data.

A-DNA dsDNA substrate with multiple biotins at both 5’ and 3’ of the same DNA strand was purchased from LUMICKS und used for
preliminary measurements. Subsequent experiments were carried out using an in house triple end biotin tagged DNA. To generate
this substrate, a similar strategy to a previously published one®’ for creating double end biotinylated A-DNA was employed. In brief,
we sequentially ligated two oligonucleotides to A-DNA prior to using Klenow exo-polymerase (NEB) to fill in the ends with biotinylated
nucleotides. Firstly, 10 uM phosphorylated oligo (ssDNA linker) was annealed and ligated into 14 nM phosphorylated linear DNA
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(0.02 U/uL T4 Polynucleotide Kinase, 0.02 U/uL T4 ligase). Then a biotinylated oligo (ssDNA-linker-5'bio) was annealed to the over-
hang created in the previous step. The construct was then purified by ethanol precipitation, resuspended in T4 ligase buffer and
further modified through a Klenow reaction with biotin-14-dCTP and biotin-14-dATP (Jena Bioscience). T4 ligase was then added
and the final product was purified either through ethanol precipitation or size exclusion chromatography on a Sephacryl 300 column
(GE Healthcare, running buffer 10 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA).

Optical tweezers experiments

Binding preference to dsDNA/ssDNA or junctions

ssDNA-dsDNA hybrids were generated from triple end biotinylated A-DNA dsDNA through force induced melting at high forces (ca 65
pN) in mCherry-RPA channel and moved into the protein channel where kymograms of protein binding were recorded. Complexes for
which a co-localization of RPA and Qdot signal was observed were assigned to ssDNA tracts while proteins binding on the dark re-
gion were assumed to be bound to dsDNA. Binding events with a fluorescence peak of the protein within 300 nm (~diffraction limit)
of that of mCherry-RPA were considered to be located at ssDNA-dsDNA junction. The log2-enrichment log, E was calculated
as log, E = log, x — log, a, where x is the fraction of complexes assigned to a respective class (dsDNA, ssDNA or junction) and
a is the fraction of available substrate of that class. For observing the unpeeled ssDNA region, tethers were moved to the protein
channel area, allowing flow perpendicular to the tether, and exposed to gentle flow.

Dynamics of Smc5/6-DNA interaction

Protein bound DNA tethers obtained as above were dragged to the buffer channel containing a higher concentration of salt
(150/250 mM NaCl) to promote diffusion. Complexes were classified based on their diffusion behavior as static or mobile, both at
low salt and high salt.

Smc5/6 interaction with naked ssDNA tracts

To check if RPA hinders Smc5/6 diffusion on ssDNA tracts, RPA was substituted with YOYO-1. Tethered DNA molecules maintained
under low forces, were briefly visualized using the 488 nm laser, before being moved to the protein channel. Protein visualization was
achieved with the 561 nm laser line to prevent tether breakage. After protein binding, the force was increased progressively to
generate ssDNA regions.

Dynamics of Protein-DNA interaction during force manipulation

Tethers containing ss and ds DNA regions, obtained through force induced melting, were moved to the protein channel. After protein
binding, tethers were moved to the RPA channel and exposed to cyclic variation in inter-traps distance. RPA covered ssDNA tracts
present at low force were counted and the ratio to the initial number of ssDNA tracts at high force was determined for each of the
following scenarios regarding the end flanking of the tract at low force: one, two or no Smc5/6 present.

Size of RPA tracts during force manipulation

The size of RPA tracts during force manipulation was determined from polymer models. First, the extension &, i.e. the end-to-end
distance, of the tracts was determined by an edge detecting algorithm at each single time point (white lines in Figures S6B and
S6C). As the extension of any polymer depends on the applied force F, it was converted into a force-invariant contour length L (Fig-

ure S6A) by solving the WLC interpolation equation F(, L, p) = kT (%(1 -5 2 }+Z5> for L. The persistence length of RPA-coated

TP
ssDNA was set to 1.3-1.5 nm.*®
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using Igor Pro8. Unless indicated otherwise, error bars represent 68% confidence intervals from
bootstrapping. Statistical significance was determined by appropriate tests, as indicated in the corresponding figure legends. Aster-

isks indicate the significance level: ns: p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001. n represents the number of molecules/events.
Additional details are given in the figure legends and the main text.
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