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Summary

The structural organization of chromosomes is a crucial feature that defines the functional state of
genes and genomes. The extent of structural changes experienced by genomes of eukaryotic cells
can be dramatic and spans several orders of magnitude. At the core of these changes lies a unique
group of ATPases —the SMC proteins— that act as major effectors of chromosome behavior in cells.
The Smc5/6 proteins play essential roles in the maintenance of genome stability, yet their mode of
action is not fully understood. Here we show that the human Smc5/6 complex recognizes unusual
DNA configurations and uses the energy of ATP hydrolysis to promote their compaction.
Structural analyses reveal subunit interfaces responsible for the functionality of the Smc5/6
complex and how mutations in these regions may lead to chromosome breakage syndromes in
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humans. Collectively, our results suggest that the Smc5/6 complex promotes genome stability as a
DNA micro-compaction machine.

Graphical Abstract

q W

eTOC Blurb

The Smcb/6 complex is a crucial effector of chromosome integrity. Serrano et a/. purified the
human complex and show that it can recognize nucleic acids with unusual features. Smc5/6 can
also use the energy of ATP hydrolysis to actively compact DNA substrates, thereby uncovering a
mode-of-action for this important enzyme.

Introduction

Maintenance of genome integrity is an essential function for all living organisms. We know
that several pathways act simultaneously /7 vivo to ensure the maintenance of genome
integrity, but how these multiple pathways successfully integrate and/or coexist in time and
space remains an outstanding question. Importantly, the ability to integrate disparate
processes into an effective cellular response likely depends on the action of higher-order
effectors that can modulate the physical conditions of the genome to allow multiple
molecular transactions to operate simultaneously at a given genomic location.

The structural maintenance of chromosomes (SMC) family of proteins represents one class
of higher-order effectors of genome organization that can coordinately regulate multiple
processes /n vivo (reviewed in Aragon, 2018; Baxter et al., 2019; Yatskevich et al., 2019).
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These proteins are mechanochemical regulators of chromatin behavior and their activity is
essential for the protection and dissemination of genomes in all species. SMC proteins
assemble into large ring-like complexes that include cohesin (Smc1/3), condensin (Smc2/4)
and the more recently discovered Smc5/6 complex. In eukaryotes, condensin participates in
the compaction of chromosomes during cell division, whereas cohesin enforces proximity
and alignment of sister chromatids (Yatskevich et al., 2019). The Smc5/6 complex, in
contrast, plays diverse roles in the cellular response to DNA damage, but its exact
contribution to genome stability is still unclear (reviewed in Aragon, 2018). A remarkable
feature of the Smc5/6 complex is that, despite its crucial contribution to DNA repair,
segregation and replication (Irmisch et al., 2009; Jeppsson et al., 2014; Potts et al., 2006), it
is not a core factor essential for these individual processes under standard conditions.
Instead, it appears to provide an integrative function that prevents toxic interactions
involving distinct molecular pathways (Chen et al., 2009; Pebernard et al., 2006; Torres-
Rosell et al., 2005).

How the Smc5/6 complex promotes chromosome integrity is a key unanswered question in
the genome stability field. This gap in our knowledge can be explained in part by the
difficulty in isolating pure Smc5/6 complex to perform in-depth mechanistic and structural
studies. We report herein the development of an innovative co-translational folding strategy
to purify the human Smc5/6 complex in its active form. Using this approach, we have
discovered that the human Smc5/6 complex is a structure-specific DNA binding and
compacting machine. An accompanying study (Gutierrez-Escribano et al., 2020) has found
identical activities in the budding yeast complex, underscoring the conservation in the mode
of action of eukaryotic Smc5/6 enzymes.

A co-translational folding approach to assemble the human Smc5/6 complex

Previous studies from our laboratory and others have shown that the yeast Smc5-Smc6
dimer (Roy et al., 2015) as well as a number of human non-SMC elements of the complex
(Nsel-Nse3; Doyle et al., 2010; Zabrady et al., 2016) can be purified as recombinant
proteins. However, our initial efforts (as well as that of others; Zabrady et al., 2016) to purify
soluble Nse4 monomer or recombinant Smc5/6 holoenzyme have been unsuccessful (Fig.
S1A). This is likely due to the high number of hydrophobic clusters present in Nse4 (Fig.
S1B), a central interaction hub within the Smc5/6 complex (Fig. 1A).

We considered the possibility that enforcing co-translational folding of hNse4a with other
members of the Smc5/6 holoenzyme might facilitate complex assembly /n vivo (Fig. 1A). To
achieve this goal, we used a flexible linker to physically connect Nse4a with either Smc5 or
Smc6, similar to a strategy previously employed to covalently close the cohesin ring (Gruber
et al., 2006). Multiple TEV cleavage sites were introduced in the linker sequence between
Nseda and Smc5 or Smc6 to facilitate linker removal and recovery of individual subunits
with native (or near-native) sequence after purification. We created two different yeast
strains overexpressing Nsel and Nse3 together with Nse4a-Linker-Smc5 or Smc6-Linker-
Nseda and their respective SMC partners (Fig. 1B). The hNse2 protein was not included in
these complexes because it dissociates from the holoenzyme during mitosis (Behlke-Steinert
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et al., 2009) and studies suggest that a non-negligible fraction of Smc5/6 complexes do not
contain Nse2 (see gel filtration fractions 10 and 11 in Andrews et al., 2005). Consistent with
this view, Nse2 is not essential for cellular viability in metazoans (/.e., human, mouse and
chicken cells; Kliszczak et al., 2012; Verver et al., 2016; Zheng et al., 2017), whereas all
other components of the complex are (Aragon, 2018). The human complex containing
Smc5/6 and Nse4/3/1 subunits corresponds to the canonical organization of other SMC
complexes (condensin and cohesin; reviewed in Yatskevich et al., 2019), and we will
hereafter refer to this form of the enzyme as the Smc5/6 core complex. As a control, we
constructed an additional overexpression strain specific for the SMC scaffold of the enzyme,
the Smc5/6 dimer.

Purification of functional Smc5/6 dimer and core complex

We took advantage of a yeast co-overexpression system developed in our laboratory (Roy et
al., 2011; St-Pierre et al., 2009) to isolate the Smc5/6 heterodimer to near homogeneity (Fig.
1C). Importantly, the stoichiometry of the SMC subunits was 1:1 after our purification,
reflecting the stability of subunits and proper dimerization through the hinge domain. Small
purification tags were not removed from Smc5 and Smc6 since previous work from our
laboratory showed that the Smc5/6 dimer is not adversely affected by fusion with multi-
histidine and Strep-tagll sequences (Roy and D’Amours, 2011; Roy et al., 2011).

We next proceeded to purify the Smc5/6 core complex using the fusion approach described
above. We focused our initial efforts on complexes containing the Nse4-Linker-Smc5 fusion
protein (Fig. 1B). We were able to purify soluble recombinant Smc5/6 core complex using a
combination of nickel-chelate (Ni-NTA), StrepTactin and glutathione affinity
chromatography steps (Figs. 1D, S2A). After cleaving the purification tags (on Nsel, Nseda
and Smc6) and linker sequence connecting Nse4 and Smc5, we performed size exclusion
chromatography on Superose 6 as a final step to remove TEV protease and tag remnants
(Figs. 1D, S2B). This co-translational expression/folding strategy enabled the purification of
soluble Smc5/6 core complex to high levels and near homogeneity (=95%). Rate-zonal
centrifugation of the purified Smc5/6 core complex revealed its subunits sedimented in
fractions corresponding to a mass of 300-400 kDa, a range that is consistent with a
monomeric complex (7.¢e., predicted mass = 365 kDa; Figs. 1E, S3A,B).

The Nse4-Smc5 fusion is functional in vivo

We next wanted to determine whether fusion of Nse4 with SMC subunits is compatible with
assembly and full functionality of the Smc5/6 complex 7n vivo. To test this possibility, we
expressed Nse4-Linker-Smc5 and Smc6-Linker-Nse4 fusion proteins in the budding yeast
Saccharomyces cerevisiae. Sporulation of heterozygous diploid strains carrying NSE4/nse4A
SMC5/smc5A showed that expression of the yeast NSE4-L inker-SMC5 fusion protein can
complement cell lethality in spores carrying both smc54 and nse4A (Fig. 2A). Moreover,
smc5A nse4A mutants expressing the yeast Nse4-Linker-Smc5 protein showed wild-type
kinetics of cell proliferation in the presence or absence of DNA damaging agents (Fig. 2B—
C). Since the Smc5/6 complex is required for cell viability and DNA repair, we infer from
these results that fusing Nse4 to Smc5 does not adversely affect the functionality of the
complex.
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Arm configuration of the Smc5/6 complex

We took advantage of our purified complex to visualize the general morphology and
arrangement of Smc5/6 subunits by negative stain transmission electron microscopy (EM).
To ensure the structural integrity of Smc5/6 complexes used in our EM experiments, we first
fractionated the enzyme by sucrose density centrifugation and subsequently imaged a single
fraction corresponding to monodisperse core complexes (/.e., fraction 7; Figs. 1E, 3A).
Image analysis revealed that particles corresponding to the entire Smc5/6 complex adopted a
rod conformation rather than a ring shape (Fig. 3B,E). Since the majority of observed
particles were smaller than expected, we decided to use mild chemical crosslinking (GraFix)
to rule out the possibility that the conformation observed for the Smc5/6 complex was due to
an artifact of grid preparation and/or complex dissociation. The GraFix procedure stabilizes
the structure of protein complexes by virtue of progressive fixation in a sucrose gradient
containing a low concentration of glutaraldehyde (Fig. S3C)(Kastner et al., 2008; Stark,
2010). Upon completion of GraFix ultracentrifugation, fractions corresponding to the
pentamer (/.e., fraction 7; compare Figs. 1E/S3A and 3A/S3C) migrated as a single high-
molecular mass band on SDS-PAGE gels, indicating efficient intra-complex crosslinking
without inter-complex aggregation (Fig. 3A).

We then proceeded to EM image acquisition after negative staining of the stabilized
complex. As expected, the GraFix samples showed an increased numbers of SMC-like
particles per micrograph. Importantly, image analysis confirmed that the Smc5/6 core
complex adopted a closed arm configuration with two globular domains (corresponding to
the hinge domain, on top; and the Nse1/3/4 subcomplex, bottom) linked by a rod structure
(corresponding to the coiled-coil [CC] arms of Smc5/6; Fig. 3C,F). This morphology is
visually analogous to that of two cherries connected to a single stem. Dimensions of the
complex are slightly smaller than those of condensin and cohesin (namely ~450 x 140 A),
consistent with the shorter CC arms of Smc5 and Smc6 proteins (as predicted by Burmann et
al., 2017; Fig. 3B—C,E-F). The resultant three-dimensional EM map of the Smc5/6 complex
revealed that the size and shape of the globular regions on each end of the rod-shaped
complex dovetail nicely with the dimensions of the Nse1/3 dimer and yeast Smc5/6 hinge
domain observed in crystal structures (Fig. S4A-F; Alt et al., 2017; Doyle et al., 2010).
These observations suggest that the morphology reported here reflects a native configuration
of the Smc5/6 complex.

The Smc5/6 dimer also appeared as a rod shaped-particle by negative stain EM, but we
noticed that the SMC arms demonstrated more flexibility in the dimer than in the core
complex (Fig. 3D,G). In some cases, it was possible to distinguish individual CC arms or
kinks in the arms of the dimer in single particle images. This apparent increase in the
flexibility of SMC arms is consistent with the absence of kleisin subunit in the Smc5/6
dimer, a condition that is expected to relieve structural constraints normally present on SMC
arm movement. Taken together, these experiments reveal that subunits of the Smc5/6 core
complex assemble into a rod-like structure that favors a colinear/closed arm configuration
for the SMC subunits.
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Mapping contact points among the subunits of the Smc5/6 complex

We used small chemical probes to explore the landscape of contact points among the
subunits of the Smc5/6 complex. The purified dimer and core complex were exposed to
agents that crosslink (XL) lysines to other residues and reactions were subsequently
processed by mass spectrometry (MS), as performed previously (Courcelles et al., 2017). In
this analysis, XLs are formed between different amino-acid residues based on their
proximity within the Smc5/6 complex, thereby indicating connection points or transient
interfaces among subunits.

Graphical maps displaying the network of subunit connections identified by XL-MS are
shown in Figure 3H-I, whereas the complete list of 158 intra- and inter-subunit connections
identified in our experiments is included in Table S1. Analysis of the landscape of
connections in these maps confirmed that the dimer is highly flexible in solution, which is
demonstrated in proximity maps as a low frequency of interaction for residues of different
SMC subunits (Table S1, 9 XLs; Fig. 3l, colored lines). In comparison, when the movement
of SMC arms is constrained by the kleisin subunit in the core complex, connections
involving different SMC proteins were more than twice as abundant (Table S1, 20 XLs; Fig.
3H). These observations are consistent with the level of SMC arm flexibility that we noticed
in EM experiments (Fig. 3B-G).

A large fraction (~60%) of the long-range connections that we identified are consistent with
the known structure of SMC complexes, thereby validating the quality of the XL-MS results.
For example, the XL-MS analysis revealed several connections involving the hinge domains
of the two SMC subunits (e.g., Smc5-K542 with Smc6-K628; Fig. 3H, orange lines). We
also detected several predicted intra-molecular connections among the a-helical regions that
form the CC arms of individual SMCs (Fig. S4G,H). Our EM data showed that the SMC
arms of Smc5 and Smc6 were in close proximity to each other in the holoenzyme, an
observation independently confirmed by our XL-MS data (see inter-subunit XL connecting
Smc5/6 CC arms; Smc5-K232/K247/K300/K783 with Smc6-K234/248/K310/K821,
respectively; Figs. 3H, S41).

Beyond the XLs connecting SMC proteins together, our analysis revealed a rich network of
connections linking functional domains of NSE subunits with other parts of the complex,
such as the winged-helix (WH) domains of Nse3 and the N-terminal ATPase domain/CC
neck of Smc6 (Fig. 3H). The a helical region of Smc6 acted as a connection hub for all but
one subunit of the core complex (7.e., Nsel), suggesting an important role in the regulation
of complex activity or topology. We also detected several contact points involving Nse3 to
Nsel, as predicted from the structure of the dimer (Doyle et al., 2010). Our XL-MS data
suggest that Nse4 in combination with Nsel and Nse3 is capable of bridging the ATPase/CC
neck regions of Smc5 and Smcé.

Functional relevance of contact points in Smc6 and Nse3—4 subunits

Next, we investigated the physiological significance of contact points that we identified in
the WH domain of Nse3 and other parts of the complex. This region is of particular interest
because it contains mutations responsible for the lung disease, immunodeficiency, and
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chromosome breakage (LIC) syndrome (Fig. 4A—C; van der Crabben et al., 2016). Based on
the evolutionary conservation of the crosslinked positions and nearby residues, we inserted
several mutations in the NSE3locus in S. cerevisiae (Fig. 4B,C) and assessed the ability of
the resulting mutant strains to proliferate in the presence of DNA damaging agents (Fig.
4D).

Yeast strains carrying mutations in the WH-B extension domain of Nse3 demonstrated a
strong conditional defect in their ability to grow on media containing genotoxic agents like
MMS, HU or 4NQO (Fig. 4D). Whereas the proliferation of nse3-£265R and nse3-L268K
mutant appeared normal on media containing DNA damaging agents at 23 °C, the growth
capacity of these strains became severely affected at 37 °C (Fig. 4D). In fact, yeast strains
carrying the nse3-E265R allele were sensitive to all DNA damaging agents tested, whereas
the growth of nse3-L 268K mutants was strongly impaired in the presence of MMS at 37 °C.
Importantly, the nse3-E265R and nse3-L 268K mutations map to a highly conserved a helix
in the WH-B extension domain and are located very close (/.é., less than 12 A and 6 A,
respectively) to a residue mutated in LIC syndrome patients (Fig. 4C, inset). From a
functional perspective, the corresponding hNse3 residues represent contact points with the
N-terminal ATPase domain of Smc6 in our XL-MS data (Fig. 3H). We also noticed that the
same region of Smc6 (together with the adjacent CC neck) shared reciprocal connections
with other residues in the WH domain of hNse3. This suggests the existence of an
interaction hub for Nse3 in the ATPase/CC neck of Smc6.

To test the idea proposed above, we introduced mutations in residues of yeast Smc6 that
correspond to those interacting with the WH domain of Nse3 (/.e., positions marked in Fig.
S4G). As predicted, yeast expressing the smc6-R135E and smc6-R144E alleles showed
severe sensitivity to DNA damaging agents at 37 °C (Fig. 4D). We also constructed a yeast
strain carrying a D261A mutation in Nse4, another putative Smc6-proximal residue. The
nse4-D261A mutants showed growth defects highly reminiscent of those seen in smcé6and
nse3 mutants (Fig. 4D), underscoring their common hypomorphic defect. Remarkably,
mutation in arginine 144 of Smc6 led to a substantial decrease in protein abundance at non-
permissive temperature (Fig. 4E-F), a phenotype similar to the protein stability defect
observed in subunits of the Smc5/6 complex of LIC syndrome patients (van der Crabben et
al., 2016). Together, these results indicate that residues at the interface of Nse3—4 and the
ATPase/CC neck region of Smc6 are important for the activity of the Smc5/6 complex.

Structure-specific DNA recognition and binding by the Smc5/6 complex

Previous findings from our laboratory revealed that yeast Smc5 and Smc6, as well as the
Smc5/6 dimer, have intrinsic DNA-binding activity (Roy and D’Amours, 2011; Roy et al.,
2015; Roy et al., 2011). However, the substrate preference and affinity of the human Smc5/6
dimer and core complex remain to be established.

We focused our initial analysis on the Smc5/6 dimer to define the baseline DNA binding
activity of these SMC proteins. We specifically monitored the affinity of Smc5/6 for double-
stranded (ds) and single-stranded (ss) DNA substrates using electrophoretic mobility shift
assays (EMSAS), as previously described (Roy et al., 2015). The nucleotide content of ss
and dsDNA substrates used in this assay is roughly similar, thus allowing a direct
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comparison of Smc5/6 affinities for these substrates. Figure 5A shows that the Smc5/6 dimer
exhibited different DNA binding behavior when ss and ds substrates were used. The affinity
of the dimer was markedly higher for sSDNA substrates than for duplex DNA. For example,
Smc5/6 could fully bind the sSDNA substrate at 48-fold molar excess, whereas equivalent
saturation was only attained at 400-fold excess of dimer relative to the nucleotide content of
the dsDNA (Fig. 5A).

Next, we asked if non-SMC elements (Nse4a/3/1) contribute to the DNA-binding properties
of the Smc5/6 core complex. It has been shown previously that the human Nsel/Nse3 dimer
can bind various types of DNA (Zabrady et al., 2016), but whether this role can be
performed by these subunits in the context of the Smc5/6 complex is still unknown. Our
results indicate that the presence of the regulatory subunits does not alter the basal DNA-
binding activity of the Smc5/6 dimer. As shown in Figure 5A-B, the affinity of the core
complex for ssDNA is similar to the K of the dimer (32.4 nM £ 1.9 nM dimer, 27.3 nM +
0.76 nM core complex; Fig. S5A). From a qualitative standpoint, however, the nature of the
binding by the core complex appeared different than that of the SMC dimer. The presence of
the NSE elements in the core complex allowed the formation of intermediate DNA-protein
species in the gel (7.e., partially-retarded DNA,; line with asterisk) which were not formed
when the SMC dimer associated with ssDNA (Fig. 5A vs5B; left) or were formed at a much
lower abundance when the SMC dimer associated with dSDNA substrates (Fig. 5A vs5B;
center). Moreover, compared to the SMC dimer alone, NSE proteins lowered the
dissociation constant of the core complex for dsDNA (121 nM = 7 nM dimer vs81.8 nM +
3.04 nM core complex; Fig. S5A).

We next sought to test whether the Smc5/6 complex is capable of binding small 60 bp DNA
duplexes in EMSA experiments. We included RNA/DNA hybrids in this analysis since
Smc5/6 was proposed to interact with this type of nucleic acid in the early stages of DNA
replication (Lafuente-Barquero et al., 2017). We found that the Smc5/6 complex is able to
bind both hybrid and dsDNA with similar affinity (Fig. 5C). RNA/DNA hybrids appeared to
be slightly better binding partners for the Smc5/6 core complex than DNA duplexes, but this
trend was not statistically significant. Together, our DNA-binding experiments indicate that
the Smc5/6 complex can associate with non-B form DNA conformations with high affinity.

The Smc5/6 core complex compacts DNA against force in an ATP-dependent manner

Next, we wanted to determine if the Smc5/6 complex was capable of remodeling the
configuration of DNA in space. In order to monitor DNA compaction by the Smc5/6 core
complex, we carried out single-DNA magnetic tweezers experiments (Keenholtz et al.,
2017). This approach uses 10 kb end-labeled DNA molecules tethered to a cover glass at one
end, and to a paramagnetic bead at the other end. Molecules were tethered inside flow cells,
allowing solvent conditions in the vicinity of the DNA to be changed, and a nearby magnet
was moved to vary the pulling force applied to the paramagnetic particle (Fig. 6A). A typical
experiment started with DNA under 2 pN tension (a high enough force to pull nearly all
bending fluctuations out of the DNA) in Smc5/6-free buffer. Then Smc5/6 core complex
plus cofactors were introduced into the flow chamber, force was reduced to that under study,
and the kinetics of the change in DNA extension were observed.
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In the absence of Smc5/6 complex, DNA extension was stable for DNA tensions from 2 pN
down to 0.3 pN. When 5 nM Smc5/6 core complex was added to the buffer in the absence of
nucleotide, the DNA extension was stable and unchanged from its initial protein-free value
as force was reduced (Fig. 6B; 5 nM Smc5/6 complex, 0 mM ATP). When the same
experiment was performed with 1 mM ATP, DNA compaction was observed at a rate
markedly dependent on force (Fig. 6C, 5 nM Smc5/6 complex, 1 mM ATP). Note that the
compaction at 0.3 and 0.5 pN proceeds at a high rate and that the initial stages of the
dynamics are in fact difficult to see in Figure 6C. At higher forces, individual steps are
clearly visible (Fig. 6C, cyan 1 pN curve). Quantification of step size from a series of four 1
pN experiments led to an estimated step size of 90+10 nm, similar to that observed for
condensin and cohesin complexes (Eeftens et al., 2017; Keenholtz et al., 2017; Strick et al.,
2004; Sun et al., 2013).

We next examined ATP-dependent compaction rates of the Smc5/6 core complex as a
function of force (Fig. 6D). A strong suppression of compaction rate was observed when
force increased above 0.5 pN, which is characteristic of a compaction reaction that depends
on the capture of DNA loops (Keenholtz et al., 2017; Marko et al., 2019; Skoko et al., 2006;
Sun et al., 2013). The total amount of compaction of the DNA (the ratio of the total change
in extension during the compaction reaction to the initial extension) also showed a strong
force dependence, again suppressed by forces = 1 pN (Fig. 6E).

Given that the 0.5 pN reactions were in the midrange of compaction rate and total DNA
compaction, we measured the amount of compaction at 0.5 pN for different nucleotide
cofactors, relative to the case of 1 mM ATP (Fig. 6F, leftmost bar). When ATP was entirely
omitted (2" bar), DNA compaction was almost completely suppressed; the same effect was
seen in the presence of 1 mM ADP (3 bar) or when non-hydrolysable ATPyS was included
in the reaction. These experiments are consistent with the fact that purified Smc5/6 enzyme
is active as an ATPase in solution (below). We thus conclude that compaction of DNA
against sub-piconewton forces by the Smc5/6 core complex requires nucleotide as well as
nucleotide hydrolysis, and that the critical force that suppresses that compaction is
approximately 1 pN.

Supercoiled DNA is a high affinity substrate for the Smc5/6 core complex

The observations that yeast and human Smc5/6 dimers can recognize structured DNA (Fig.
5; Roy and D’ Amours, 2011; Roy et al., 2015; Roy et al., 2011) prompted us to investigate
whether purified Smc5/6 core complex can preferentially bind to supercoiled DNA. We
designed a “plectonemic supercoil capture” experiment (Fig. 7A), using the principle that
when DNA is twisted while held under relatively low force (~0.3 pN), it will buckle when
sufficiently twisted, and then form plectonemic supercoils, with each successive turn past the
buckling point reducing the overall extension of the DNA molecule by about 50 nm (Strick
et al., 1996). For the naked 10 kb DNAs used in this study, a linking number change (ALk)
of +30 or —30 will induce a reduction in DNA extension of approximately 1200 nm; when
ALK is returned to 0, this reduction in extension ceases because the DNA returns to its initial
untwisted configuration.

Mol Cell. Author manuscript; available in PMC 2021 December 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Serrano et al.

Page 10

To visualize the effect of the Smc5/6 complex on plectoneme dynamics, we used modified
reaction conditions that do not allow the complex to compact DNA when ALK is set at 0 and
low forces are applied on DNA (/.e., no torsional stress; left purple points in Fig. 7B). Under
these conditions, protein-DNA interactions are likely weakened to the point that the Smc5/6
complex was unable to capture loops of DNA (see Fig. S5B for details). However, when we
changed DNA linking number to ALk = =30 (Fig. 7B, blue points), waited for 30 seconds
(Fig. 7B, green points), then returned to ALk = 0 (Fig. 7B, right purple points), DNA
extension returned to a value about 1000 nm smaller than the starting point, consistent with
supercoils being “captured” by the Smc5/6 core complex. We observed similar behavior for
positive supercoiling (Fig. 7C). In the absence of ATP, we could repeatedly cycle ALk
between 0, +30, 0 and —30 without observing any “capture” events (Fig. 7D).

To characterize in detail the DNA supercoil-binding behavior of the Smc5/6 core complex,
we carried out a series of single-molecule capture experiments where we specifically
monitored the length of plectonemic DNA “stabilized” via supercoil binding/capture (Fig.
7A). The left group of bars in Figure 7E shows the reduction of length experienced by naked
DNA after ALk of +30 and —-30 (/.e,, step 2 in Fig. 7A). This reduction in length corresponds
to the plectoneme size and is similar for the two directions of rotation; approximately 1200
nm. The central group of bars shows the reduction in length in the presence of 5 nM Smc5/6
core complex for ALk of +30 or —30 (/.e,, step 3 in Fig. 7A); again all the reductions in
length are approximately 1200 nm indicating that the Smc5/6 core complex did little to
perturb the extended length of plectonemic DNA formed under these conditions. However,
the right group of bars shows that when ALK was returned to 0 (/.e,, step 4 in Fig. 7A),
supercoils “captured” by Smc5/6 core complexes stabilized DNA in a plectonemic
configuration (Fig. 7E). This “capture” effect was completely dependent on the presence of
ATP in the reaction buffer, since DNA extension returned to its maximal/unfolded value —
which reflects a plectoneme size of zero— in the absence of nucleotide. The amount of
capture was on average equal for ALk of +30 or —30, with no apparent strong preference for
one handedness or the other (Fig. 7E). The Smc5/6 core complex was capable of
maintaining the captured DNA in a plectonemic configuration against forces up to 2 pN
(Fig. S5C). We conclude that under conditions where DNA is not compacted, the Smc5/6
core complex can efficiently bind and “capture” DNA supercoils in the presence of ATP,
consistent with /n vivo observations (Kegel et al., 2011). The effect of ATP in plectoneme
stabilization experiments does not strictly imply a hydrolysis effect as it could also reflect
ATP-mediated modulation of Smc5/6 complex binding to DNA.

Discussion

Compared to other SMC complexes, the Smc5/6 complex has remained an enigmatic
effector of chromosome stability since its discovery. Whereas the core biological functions
of cohesin and condensin are well defined, the involvement of the Smc5/6 complex in
multiple, apparently distinct cellular processes has not allowed the emergence of a unified
model to explain its unique contribution to genome stability (reviewed in Aragon, 2018).

Here we report for the first time how the human Smc5/6 complex recognizes and then
modulates DNA structure in space. Our biophysical analyses suggest that the multi-
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functional nature of the Smc5/6 complex is achieved /in vivo by compacting chromosomal
regions containing unusual DNA structures. This compaction is focussed on specific DNA
structures (7.e., local in nature), and we will thus refer to this process as “micro-compaction”
to differentiate it from the global compaction seen in mitosis. We envision that the micro-
compaction activity of the Smc5/6 complex will have at least two effects /n vivo; first, it will
create a physical barrier —steric hindrance— that will shield DNA intermediates from the
action of undesirable modifying enzymes, and second, it will promote physical proximity of
DNA molecules as a means to enhance biochemical reactions. The combined result of these
two processes will be the stabilization and rapid repair of DNA intermediates that would
otherwise have a propensity to degenerate into toxic DNA lesions when unprotected (Chen
et al., 2009; Pebernard et al., 2006; Torres-Rosell et al., 2005). The repair of RNA-DNA
hybrids —or R-loops- represents a salient example of a process that could benefit from the
DNA compaction activity of the Smc5/6 complex. Indeed, R-loop repair requires the
reannealing of separated sSDNA molecules (Garcia-Muse and Aguilera, 2019) and DNA
compaction by the Smc5/6 complex might enhance formation of dsDNA by bringing
complementary sSDNA together in a smaller effective volume, thus increasing the likelihood
of their interaction. This prediction is consistent with our demonstration that the Smc5/6
complex can bind to RNA-DNA hybrids and ssDNA molecules, as well as genetic evidence
connecting the complex to R-loop repair in vivo (Styles et al., 2016). We envision that the
contribution of Smc5/6-mediated micro-compaction in DNA transactions will not be limited
to R-loop repair and will likely involve several other DNA repair pathways.

It is remarkable that the behavior of the human Smc5/6 complex is so similar to that of the
budding yeast Smc5/6 complex described in an accompanying paper by Gutierrez-Escribano
et al. (2020). Both the yeast and human complexes associate tightly with nucleic acids,
recognize supercoiled DNA structures and compact DNA with high efficiency. These are
unusual biochemical activities to harbour in a single DNA repair enzyme. Likewise, both of
our studies have identified Smc6 ATPase/CC neck as a likely interaction hub for other
subunits of the Smc5/6 complex. Collectively, these similarities indicate that the absence of
Nse2 subunit in the human complex does not negatively impact the biochemical activities
reported herein, consistent with the fact that Nse2 is not essential for cell viability in
metazoans (Kliszczak et al., 2012; Verver et al., 2016; Zheng et al., 2017). One possible
difference we observed between the yeast and human complexes lies in the configuration of
the SMC arms. The arms of the yeast complex seem to adopt a predominantly folded
conformation, while our EM analysis suggests an extended conformation for human SMC
arms. While this may appear as a discrepancy, recent structural studies indicate that SMC
complexes can adopt distinct folded configurations (Burmann et al., 2019; Lee et al., 2020).
Small differences in purification, imaging conditions or nucleotide status may favor one
configuration over the other, thus explaining the different folded states of the yeast and
human Smc5/6 complexes in our studies. In this context, the extended and folded CC arms
of Smc5/6 complexes should be viewed as alternative physiological states, not as mutually
exclusive conformations. Altogether, the yeast and human studies entirely converge in their
demonstrations that the Smc5/6 enzyme is a structure-specific DNA compacting maching, an
exciting paradigm for SMC-mediated DNA repair reactions.
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The clinical and biological implications of our findings are exemplified by the connection of
the LIC syndrome to a plausible defect in the function or regulation of Smc6 ATPase head/
neck region. Indeed, we have identified an interaction hub within Smc6 and shown that
mutations in LIC syndrome patients map directly to the region of Nse3 that associates with
the interaction hub in Smc6. The same region of Smc6 was proposed to play an important
role as a potential gate for the control of DNA movement through SMC arms (reviewed in
Palecek and Gruber, 2015). We infer from these observations that patients with LIC
syndrome might harbor a defect in a Nse3-WH/Smc6 gate that controls transit of DNA into
the Smc5/6 ring structure.

Limitations

Our DNA binding analyses indicate that the Smc5/6 complex associates tightly to nucleic
acids using a standard —likely electrostatic— mode of binding. Our experiments did not
address whether the Smc5/6 complex can bind DNA through topological entrapment (Kanno
et al., 2015). Indeed, DNA association based exclusively on topological entrapment typically
cannot be observed on linear DNA substrates (such as those used in Figure 5; Ocampo-
Hafalla and Uhlmann, 2011), and additional experiments will be required to clarify this
question. Future work should also focus on assessing the capacity of the Smc5/6 complex to
induce DNA micro-compaction during DNA repair reactions. Our study provided a
compelling demonstration of the capacity of the Smc5/6 complex to compact DNA in vitro,
but /n vivo visualization of this mechanism would further reinforce the paradigm we propose
and provide a system to assess how ancillary effectors of the Smc5/6 complex (such as Nse2
and the elusive human homolog of yeast Nse5) might impact DNA repair reactions
promoted by the core Smc5/6 complex.

STAR Methods

Resource availability

Lead contact: Requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Damien D’ Amours (damien.damours@uottawa.ca).

Materials availability: Plasmids and yeast strains generated in this study are available on
request. MTA may be required to share materials, in accordance with the University of
Ottawa policy on inter-institutional transfer of research materials.

Data and code availability: The datasets generated during this study are available at
Mendeley [http://dx.doi.org/10.17632/35z5bfkpv3.1].

Experimental model and subject details

Yeast strains.—All yeast strains used in this study are derivative of K699/K700 (Table
S2). Gene deletion strains were generated by PCR amplification as previously described
(Longtine et al., 1998). Yeast growth conditions, media composition and procedures for
genetic analysis were as published before (Robellet et al., 2015). For DNA-damaging
experiments, yeast were dropped on solid medium containing different concentrations of
MMS, 4-NQO and HU at 23 °C and 37 °C. Briefly, 5-fold dilution series of fusion yeast
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strains (first spot corresponds to a culture at ODggg of 0.2) were spotted on solid YPD (Yeast
extract, Peptone, 2% Glucose) and grown in temperature-controlled incubators for 48-72
hours before scanning the plate.

For protein overexpression in fermentor, yeast strains were grown at 32 °C in YEP with 2%
lactic acid and 3% glycerol as carbon source. When ODgqg reached 0.5-0.6, protein
overexpression was induced at 23 °C by addition of galactose to a final concentration of
1.5%. For protein overexpression in incubator/shaker, yeast strains were grown at 30 °C/250
rpm in YEP with 2% raffinose as carbon source. When ODggg reached 0.7-0.9, protein
overexpression was induced at 18 °C/250 rpm by addition of galactose to a final
concentration of 2%. At the end of the experiment, yeast cells were harvested, washed with
cold water and frozen by immersion in liquid nitrogen.

Method Details

Yeast fusions.—Endogenous sequences (including SMC6 and NSE4 promotors) were
amplified by PCR from strain D4107 (wild-type, haploid). Primers were designed with
overhanging sequences to facilitate DNA fragment fusion by PCR and allow addition of
flexible linker-encoding sequences between genes (while preventing the addition of amino-
acids due to the presence of restriction sites). The same linker sequences as those used for
fusion of human genes were used in the yeast fusion constructs (see plasmids p1409 and
p1410 below). All PCR products were purified by gel extraction (Qiagen) and then a mix
containing Herculase 11 buffer, ANTPs, PFU Herculase Il polymerase, and 1:1 DNA ratio
Linker-Pnsgs NSE4 or Linker-Psyce-SMC6 was incubated for two PCR cycles. Then,
primers were added to extend the joined-fragments product. A similar strategy was followed
to fuse Pyses NSE4-Linkerto SMC5. Final constructs were cloned into the Yliplac211
integrative plasmid using Xmal and Sall restriction enzymes (New England Biolabs).

smc64, nse4A and smc5A were generated in diploid strains due to the fact that subunits of
the Smc5/6 complex are essential. 4pg of the URAZintegrative plasmids Ylplac211-Pgspce
SMCG6-Linker-NSE4 and Y Iplac211-Ppyses NSE4-Linker-SMC5 were linearized and
transformed in SMC6/smc6A NSE4/nse4A and SMC5/smc5A NSE4/nse4A strains,
respectively. Positive diploid strains expressing SMC6-Linker-NSE4 and NSE4-L inker-
SMC5were sporulated and dissected using a Nikon 50i microscope equipped with a tetrad
micro-manipulator. Finally, spores carrying the double deletion and the fusion protein were
screened by PCR to confirm the genotype.

Purification of Smc5/6 dimer.—Human Smc5 and Smc6 subunits were codon-optimized
for expression in yeast and subcloned in a 2p-derived plasmid under the control of the
GAL10-1 promoter sequence, as previously done for condensin subunits (St-Pierre et al.,
2009). The Smc5/6 dimer was purified from =14L cultures of yeast grown to an ODggg of
1.0 — 1.5. Yeast overexpressing human Smc5/6 dimer were lysed in a freezer mill and
resuspended in buffer A (500 mM NaCl, 100 mM Tris-HCI pH 8.0 and 10% glycerol)
supplemented with 20 mM imidazole, 0.5% Triton X-100, 2 mM B-mercaptoethanol (BME)
and protease inhibitors (E64, PEPA, AESBF). Lysate was centrifuged at 12,000rpm for 30
minutes at 4 °C. Next, Ni-NTA resin was added to the supernatant and incubated for one
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hour. Once binding was complete, resin was washed with 10CV of buffer A and then with
2CV of buffer ATP (buffer A supplemented with 2 mM ATP and 25 mM KCI). Protein was
finally eluted in buffer A supplemented with 500 mM imidazole. Ni-NTA elution was then
passed through a column loaded with avidin-agarose beads. Next, the avidin flow through
material was loaded into a StrepTrap HP 5 mL column and washed with 10 CV of buffer A
supplemented with 1 mM DTT and 0.5% Triton X-100 and then, it was followed by a wash
with buffer A supplemented with 2 mM BME until UV was zero. Finally, proteins were
eluted in buffer A supplemented with 2 mM BME and 20 mM desthiobiotin. Elutions
containing the dimer were dialyzed in buffer A, concentrated, quantified, snap frozen and
stored at —80 °C.

Purification of the Smc5/6 core complex.—Subunits of the human Smc5/6 complex
were codon-optimized for expression in yeast and subcloned in 2p-derived plasmids under
the control of the GAL 10-1 promoter sequence (see Fig. 1B for a description of genes
contained in overexpression plasmids and the tagging/fusion strategies). To create subunit
fusions, we inserted the DNA sequence encoding
GGGGGPRENLYFQGPRENLYFQGASENLYFQGGGGGGG ASENLYFQGEAG and
GGGGSGGGSGGGGTRARENLYFQGASENLYFQGELENLYFQGAS linkers between
the coding sequences of Nseda and Smc5 (plasmid p1409) and Smc6 and Nse4a (plasmid
p1410), respectively. The Smc5/6 core complex was typically purified from 70L cultures of
yeast grown to an ODggg of 1.0 — 1.5. Yeast pellets overexpressing the human Smc5/6
complex (Nseda-L-Smc5 or Smc6-L-Nseda fusions) were lysed in a freezer mill and
resuspended in buffer N (50 mM K,;HPO, / KH,PO,4 pH8, 50 mM Tris-HCI pH 8.0, 500
mM NaCl, 10% glycerol, 0.5 % triton X-100, 2 mM BME) supplemented with 20 mM
imidazole and protease inhibitors (E64, PEPA, AESBF). Lysate was centrifuged at 12000
rpm for 30 min at 4 °C and then Ni-NTA resin was loaded to the supernatant and incubated
for one hour. Resin was washed with 10 column volumes (CV) of buffer N supplemented
with 60 mM imidazole. Complex was eluted with buffer SB (50 mM Tris-HCI pH 8.0, 500
mM NaCl, 10% glycerol, 0.5% tween 20, 2mM BME) supplemented with 500 mM
imidazole. Flow through of Ni-NTA purification was loaded with Ni-NTA resin for a second
round of purification. Next, elution fractions were loaded into a StrepTrap HP 5mL column
and washed with 10 CV of buffer SB supplemented with 0.5% Triton X-100. Proteins were
eluted with 5 CV of buffer GB (25 mM K,;HPO4/KH,PO,4 pH8, 500 mM NaCl, 10%
glycerol and 2 mM BME) supplemented with 20 mM desthiobiotin. Next, the elution was
loaded in a GSTrap 5 mL column, washed with 10 CV of buffer GB and the Smc5/6
complex was eluted with 5 CV of buffer GEB (50 mM Tris-HCI pH 8.0, 500 mM Nacl,
10% glycerol and 2 mM BME supplemented with 10 mM of Glutathione). Linker, poly-
histidine, Strep-tag Il and GST tags were cleaved by an overnight digestion with 1 mg of
TEV protease per 4 mg/mL of fusion protein. Digestion was carried out in GEB buffer
supplemented with 1 mM DTT. Digestion product was loaded into a Superose 6 10/300 size
exclusion chromatography column in GF buffer (50 mM Tris-HCI pH 8.0, 500 mM NaCl,
10% glycerol and 2 mM BME) in order to remove the cleaved tags, digested linker and TEV.
Elution fractions containing highly purified and stoichiometric complex were concentrated,
quantified, snap frozen and stored at —80 °C. Although purification experiments shown
herein were conducted with Smc5/6 complexes derived from the Nseda-linker-Smc5 fusion
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variant, we noticed that complexes derived from the Smc6-linker-Nse4a fusion could also be
efficiently purified using the same procedure.

Density gradients.—Human Smc5/6 complex (80 pmoles) was applied on a continuous
5-20% sucrose density gradient (50 mM Tris-HCI pH 8, 500 mM NacCl, 0.05 mM EDTA,
6.25 mM MgCl,, 0.5 mM BME). The gradient was generated in a BioComp gradient station.
Ultracentrifugation was performed at 4 °C during 22 hours at 32,000 rpm in a Sorvall
WX100 centrifuge (SW 41 Ti rotor, Beckman Coulter). 450 uL fractions were collected
manually by pipetting from the top of the tube to the bottom and visualized by silver
staining using SilverQuest Kit (Invitrogen).

A modified GraFix protocol was followed when complex stabilization was required for
structural analysis (Kastner et al., 2008; Stark, 2010). Briefly, the heavy fraction (20%
sucrose) of a 5-20% sucrose gradient (50 mM HEPES pH8, 500 mM NacCl, 0.05 mM
EDTA, 6.25 mM MgCl,, 0.5 mM BME) was supplemented with 0.15% glutaraldehyde. The
gradient was generated in a BioComp gradient station. The samples were ultracentrifuged
and fractionated as above and immediately quenched by addition of 450 pL of buffer Q (100
mM Tris-HCI pH 8, 500 mM glycine, 300 mM NaCl and 2% glycerol). Samples were
visualized by silver staining.

Negative stain electron microscopy and image analysis.—Carbon-coated copper
grids (Electron Microscopy Sciences, USA) were negatively glow-discharged (Agar
Scientific, USA) before adsorbing 5 pl of sample, then staining with 5 pl of freshly prepared
1.5% uranyl formate (Electron Microscopy Sciences, USA). Samples were imaged at room
temperature using a FEI Tecnai T12 (Eindhoven, The Netherlands) Transmission Electron
Microscope equipped with a LaB6 filament and operated at 120 kV. Images were collected
at defocus between 0.5-2 um on a FEI Eagle 4k x 4k CCD camera at magnifications of
~67,000 x (pixel size 1.64 A) or ~110,000 x (pixel size 0.99 A). Particles were selected
manually using EMAN2 (Tang et al., 2007) and extracted in 518 A x 518 A boxes with
RELION 3.0 (Scheres, 2012). 2D averages were generated using 44 Smc5/6 complex pre-
GraFix particles, 68 Smc5/6 complex post-GraFix particles, and 167 Smc5/6 dimer post-
GraFix particles. Contrast transfer function correction was not implemented during image
processing. For 3D image analysis, 945 post-GraFix Smc5/6 complex particles were imaged
at ~42,000x (pixel size 2.59 A) and aligned using the CL2D algorithm (Sorzano et al., 2010)
from Xmipp (Sorzano et al., 2004). An initial 3D model was generated from 2D classes
using RANSAC (Vargas et al., 2014) and the volume was refined with single particles in
RELION 3.0 (Scheres, 2012) after low-pass filtering to 60 A. Default refinement parameters
were used without masking nor imposing symmetry. The final 3D EM map was visualized
using UCSF Chimera (Pettersen et al., 2004).

DNA binding and ATPase assays.—The DNA binding activity of human Smc5/6
complex was determined by electrophoretic mobility shift assay (EMSA) according to a
modified protocol previously used in our laboratory (Roy and D’ Amours, 2011; Roy et al.,
2011). DNA substrates were X174 (sSDNA substrate; 5386 bp) and EcoRI-digested
pBluescript 11 KS (dsDNA substrate; 2961 bp). Briefly, protein-DNA binding assays were
carried out in 25 pL of reaction buffer (10 mM Hepes pH 7.5, 160 mM NaCl, 7 mM MgCl,,
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20% glycerol and 2 mM BME) containing 50 ng of DNA substrate (either ss or dsSDNA) and
various molar excess amounts of Smc5/6 dimer or core complex. After incubation at 30 °C
for 30 min, the reactions were terminated by addition of an equal volume of 1.6% low
melting point agarose containing 1 pL of loading buffer (0.6% glycerol, 0.005%
bromophenol blue, 0.005% xylene cyanol). The mixture was then loaded on a 0.8% TAE-
agarose gel and the DNA was resolved by electrophoresis for 16 hours at 4 °C. DNA was
stained in agarose gels with SYBR Gold (ssDNA) or SYBR Green | (dsDNA) reagents and
the resulting fluorescent signal was imaged using a Thyphoon FLA 9500 scanner. Free DNA
was quantified using ImageJ software. For each condition, unbound DNA was quantified
and plotted as a percentage of the total DNA loaded in the no-protein lane. Curve fitting of
affinity constants and Hill coefficients were determined using GraphPad Prism 7 (GraphPad
Software Inc). ATPase assays were performed as previously described with minor
modifications (Roy et al., 2011). In this assay, the Smc5/6 ATPase showed a nucleotide
hydrolysis rate of 0.049 + 0.009 mol/sec/mol of protein, similar in range to the activity
reported for condensin (Kimura and Hirano, 2000), and vastly superior to the activity of the
individual Smc5 monomer (0.0019 £ 0.0005 mol of ATP per mol of Smc5 per second, as
measured by (Roy et al., 2011)).

Magnetic tweezers experiments.—Linear DNA fragments used in single-molecule
supercoiling relaxation experiments were derived from the plasmid pNG1175 (9702 bp), a
slightly modified version of pFOS-1 (9691 bp, New England Biolabs) (Keenholtz et al.,
2017). pNG1175 was linearized by cutting at nearby Spel and Apal restriction sites; the
resulting linear molecule was ligated to ~900 bp PCR products carrying either biotinylated
or digoxigenin-labeled nucleotides, prepared with Spel and Apal-compatible ends,
respectively. The resulting linear constructs were 11.4 kb in length, with roughly 900-bp of
biotin- and digoxigenin-labeled DNA at their ends, allowing multiple tethering of the ends to
streptavidin- or anti-digoxigenin-coated surfaces. The multiple tethers constrain the two
DNA strands sufficiently that they may be supercoiled by rotation of the magnetic particle.

Flow cells were assembled for each experiment and contained 2.8 um streptavidin coated
paramagnetic beads (Invitrogen Dynabeads, M-270) tethered to the surface of an anti-
digoxigenin coated glass coverslip via a linear pNG1175 DNA molecule with biotinylated
and digoxigenin-labeled ends (Fig. 6A). Flow cell contents were viewed with a bright field
microscope and a 100x 1.3NA oil immersion objective (Olympus). Translation in the z
direction of a permanent magnet under the objective stage controlled the force on the bead
while 360° rotations of the magnet controlled the linking number of the tethered DNA
molecule. Bead position in three dimensions was tracked with custom lab-written software
(LabView, National Instruments), which uses an untethered bead nonspecifically bound to
the glass surface as a reference point. Position fluctuations in the x-y plane were used to
calibrate the force on the tethered beads while changes in the z direction relative to the
reference bead were used to measure the tether extension (Skoko et al., 2004). Experiments
recorded DNA extension for approximately 1000 sec, at approximately 100 measurements
per second.

Single-molecule experiments to study DNA compaction were carried out in an assay buffer
containing 10 mM HEPES pH 7.5 and 50 mM potassium glutamate at 25 °C. An additional
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1 mM nucleotide (ATP, ADP or ATP-yS) along with 1 mM MgClI, was included as noted.
The Smc5/6 core complex was added to a 200 pL mixture of assay buffer for a final
concentration of 5 nM and immediately added to flow cells with tethers initially held at 4 pN
force, with force reduced to 0.30 pN (or other forces as indicated for force-titration
experiments) following addition of enzyme solution to the flow cell.

There are variations in tether length due to adhering of varied amounts of the 900 bp (300
nm) labeled ends, as well as due to random variation in the bead sizes, position on the bead
of DNA tethering, and bead optical properties, which affect the precise location of the focal
plane that determines the inferred position of the beads in the vertical direction. These
effects lead to variation of initial length in the few hundred nanometer range as observed.

Single-molecule supercoil/plectoneme capture experiments were carried out following the
same method except for the use of a buffer containing 100 mM potassium glutamate. The
effect of increased potassium glutamate on single-molecule experiments could act at two
levels: stimulation of an otherwise silent activity in the Smc5/6 complex and/or suppression
of another activity in the complex. Potassium glutamate is known to stabilize many protein-
DNA complexes (Cheng et al., 2016 and reference cited therein). Glutamate also has the
ability to relieve inhibition induced by some salts in enzymatic reactions (Griep and
McHenry, 1989). It is conceivable that higher concentrations of potassium glutamate in
single-molecule experiments could stabilize Smc5/6 complex binding to plectonemic DNA
or stimulate a dormant activity in the complex, but more work is required to define the
detailed effects of buffers/salts on Smc5/6 activity.

Protein crosslinking and mass spectrometry.—Proteins were purified as described
above. A total of 50 pg of protein in buffer C (50 mM HEPES pH8, 500 mM NaCl, 5%
glycerol) was crosslinked at room temperature for 5 minutes with 0.3 mM DSS (Thermo
Fisher) or with DMTMM (Sigma Aldrich). Note that DSS is a Lys-Lys crosslinker whereas
DMTMM is a Lys-Asp or Lys-Glu crosslinker. Crosslinking reactions were then quenched
by addition of 10 uL of 1 M Tris-HCI pH 8. Samples were then analyzed by mass
spectrometry at the Proteomics Core Facility in IRIC (Montreal, Canada) by scientists with
experience in the XL-MS procedure (Courcelles et al., 2017). To ensure our XL-MS analysis
does not lead to false-positive identifications, all procedures were performed with enzyme
preparations that are active in biochemical assays reported herein. Furthermore, MS spectra
identified in our XL analysis were inspected manually and their identity re-confirmed by
direct observation to ensure they truly represent crosslinked peptides, as previously
described (Courcelles et al., 2017). Finally, XL reactions were not conducted to full
saturation to avoid capture of spurious interactions and formation of unspecific XLs.
Detailed circular maps of inter-subunit and intra-protein crosslinks were generated using
Circos software (Krzywinski et al., 2009).

Immunoblot analysis.—Cell lysates were prepared from exponential cultures of yeast
grown at 23 °C or 37 °C using the TCA glass-bead method (Foiani et al., 1994). Lysates
were subsequently resolved by SDS-PAGE and processed for immunoblot analysis using an
anti-HA antibody 12CAS5 (1:2500 dilution; MilliporeSigma) and an anti-mouse 1gG
antibody (1:5,000 dilution; Cytiva), as described by St-Pierre et al. (2009). A 12CA5 cross-
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reacting band was used as a loading control, as previously described (Gallego et al., 1997).
Band intensity on immunoblots was measured using Image J software (NIH, USA).

Quantification and statistical analysis

Data are presented as means + SEM. All statistical analyzes were performed using
GraphPad Prism 7 (GraphPad Software Inc) and statistical significance threshold was set at
p-value = 0.05. Where indicated in figure legends, we performed an analysis of variance
(ANOVA) followed by a Dunnett’s post hoc test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. The Smc5/6 complex is an enigmatic regulator of chromosome structure and
integrity
. Non-B form DNA and supercoiled substrates are efficiently recognized by

. The purified Smc5/6 enzyme compacts DNA substrates in an ATP-dependent

. Disruption of a subunit interaction hub in Smc6 inactivates the Smc5/6

human Smc5/6

manner
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Figure 1. Purification of the Smc5/6 complex.
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(A) Schematic representation of the Smc5/6 complex. (B) Overview of the 2 yeast strains
used for Smc5/6 complex overexpression and purification. Each strain contains 2 plasmids;
one for the overexpression of the Nse4/SMC subunits and the other —common to both
strains— that overexpresses Nsel and Nse3. (C) Representative gel showing the different
chromatography steps used to purify the Smc5/6 dimer. The positions of Streptagll-Smc6
and His-Smc5 are shown on the right. (D) Purification steps used to isolate the Smc5/6 core
complex. The positions of individual proteins prior to TEV cleavage are shown on the left of
the gel, while the positions of subunits after TEV-induced removal of purification tags/linker
are shown on the right of the gel. After completion of the TEV cleavage reaction, all the
subunits of the Smc5/6 complex migrate in SDS-PAGE at the positions of the native full-
length proteins. Note that tag-less Nse4a migrates at the same apparent mass as GST-Nsel
(7.e., prior to TEV-induced removal of the GST tag). Likewise, TEV and tag-less Nsel are
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co-migrating on the gel, but TEV is removed from the Smc5/6 complex at the final gel
exclusion step. (E) Analysis of the oligomerization status of the Smc5/6 core complex by
density gradient centrifugation. See also Figures S1-3.
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Figure 2. Functionality of Smc5/6 complexes containing Nse4-SMC fusions.
(A) Phenotype of SMC5/6-NSE4 fusion alleles after sporulation. One copy of NSE4 and

either SMC5 or SMC6 were deleted in diploid yeast strains expressing Nse4-linker-Smc5 or
Smc6-linker-Nse4 fusion proteins. The linker sequence and fusion strategy employed in
these strains are identical to those used to purify the human subunits, except that yeast
Smc5, Smc6 and Nse4 protein sequences were used to allow complementation of nse4A,
smcbA and smcé64 deletions. Diploid strains of the indicated genotype were sporulated and
haploid spores micromanipulated on solid growth medium. The viability of spores was
scored after 3 days of germination, and their genotypes are represented schematically under
the growth plates. —/— and NSE4-L-SMCI- indicate the absence or presence of fusion alleles
at the URA3 locus of parental/diploid yeast. (B-C) Proliferation capacity of two independent
smc5A nsedA clones (MATa and MATa) expressing the Nse4-linker-Smc5 fusion protein
was assessed by serial dilution assay on solid medium. After plating, cells were grown for
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2-3 days at the indicated temperatures (23 °C, 30 °C and 37 °C; panel B) in the absence or
presence of DNA damaging drugs (HU, MMS or 4NQQO; panel C).
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Figure 3. Shape and configuration of the Smc5/6 dimer and core complex.
(A) Stabilization of the Smc5/6 core complex using the GraFix procedure (Kastner et al.,

2008). In the absence of crosslinking, subunits of the complex eluted as individual bands in
sucrose density gradients, whereas they eluted as a single band of high molecular mass after
GraFix crosslinking. (B-C) Representative single particles of Smc5/6 core complexes prior
(B) and after (C) GraFix treatment. Box dimensions are 518 A x 518 A. (D) Single particle
images showing the Smc5-6 heterodimer after GraFix stabilization. (E-F) Two-dimensional
class averages of Smc5/6 core particles pre- (E) and post-GraFix treatment (F). Dimensions
are represented in A and images in E and F were reconstituted from 44 and 68 particles,
respectively. (G) Two-dimensional class average of GraFix-stabilized Smc5/6 dimer (n =
167 particles). (H) Proximity maps showing intra- and inter-subunit connections within the
Smc5/6 core complex. XLs identified in the MS analysis were plotted on circular diagrams
corresponding to the amino-acid sequences/functional domains of Smc5/6 complex subunits.
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Intra-molecular connections are shown as grey lines, whereas inter-molecular contact points
are shown in the inner part of the diagram (blue lines are for XLs specific to CC domains;
orange lines are for XLs connecting hinge domains; green lines are for all other XLs). (I)
Network of inter- and intra-subunit connection points within the Smc5/6 dimer. See also
Figures S3-S4 and Table S1.
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Figure 4. Impact of mutations in the WH domain of Nse3 and the ATPase/CC neck of Smcé.
(A) Schematic representation of Nse3 domain structure. The positions of LIC syndrome

mutations are marked with asterisks (van der Crabben et al., 2016). (B) Alignment of the
WH-B extension domain in eukaryotic homologs of Nse3. (C) Crystal structure of the Nse3-
Nsel dimer. The position of mutations created in this study is marked with yellow ovals in
the magnified view (inset). The structure is PDB 3NWO0 from Newman et al. (2016). (D)
Proliferation phenotype of yeast strains carrying mutations in Smc5/6 complex components.
Strains were diluted on solid medium containing DNA damaging agents and grown at the

indicated temperatures for 2—4 days before recording their phenotype. (E) Effect of

temperature on the stability of Smc6 mutants. Cell lysates of yeast grown at the indicated
temperatures were resolved by SDS-PAGE and processed for immunaoblot analysis. The

positions of Smc6 and loading control (*) bands are shown on the right. (F) Quantitative
analysis of Smc6 abundance determined by immunoblot. The bar graph reports the mean
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protein abundance of Smc6-R135E/R144E relative to wild-type Smc6 + SEM for 3
independent experiments. * signifies p-value < 0.05 and ** a p-value < 0.01 (ANOVA with
Dunnett’s post hoc test).
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Figure 5. DNA-binding affinity and substrate preference of the Smc5/6 core complex.
The DNA-binding behavior of the Smc5-6 dimer (A) and core complex (B-C) was

determined by EMSA saturation experiments using various DNA substrates. Purified
complexes were incubated with the indicated nucleic acids for 30 min at 30 °C and the
resulting protein-DNA complexes were resolved by electrophoresis. The molar excess of
Smc5/6 complex over DNA is shown above each lane, whereas the positions of unbound and
Smc5/6-bound DNA substrates are marked by arrowheads and asterisks, respectively. The
graphs next to the agarose gels show the quantification of DNA-binding activity. The data
reported in the graphs is the mean DNA binding + SE of =3 independent experiments. See

also Figure S5A.
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Figure 6. Compaction of DNA by the Smc5/6 complex.
(A) Schematic representation of magnetic tweezers single-DNA compaction assay. (B) DNA

extension measured following addition of 5 nM Smc5/6 complex (added slightly before t=0)
with no nucleotide. As force was reduced from 2 pN to 0.3 pN, there was no compaction
observed; the reduction of length is just that expected from thermal bending fluctuations of
DNA, also responsible for the increased Brownian mation around the stable average DNA
extension. (C) DNA extension following addition of 5 nM Smc5/6 complex (at t = 0) plus 1
mM ATP (separate curves are from separate experiments). At each force, compaction
occurred, with more rapid and more complete compaction at lower forces. (D) Compaction
rate in the presence of 1 mM ATP at 0.5 pN force measured from a series of 4 experiments
of the type shown in panel C for each force (note logarithmic rate scale). A rapid increase in
compaction rate with decreasing force (essentially shut off above 1 pN) was observed,
indicative of a DNA-loop-capture process of compaction. (E) Total compaction (ratio of
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change in extension to initial extension) in a series of 4 experiments at different forces,
indicating that compaction is more complete at lower forces, and essentially shut off above 1
pN. (F) Total compaction at 0.5 pN in the presence of various nucleotides (0 and 1 mM ATP,
1 mM ADP, and ATP-yS). All error bars indicate SEM.
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Figure 7. Capture of DNA by the Smc5/6 core complex requires supercoiling and ATP.
(A) Schematic representation of the reaction steps in the plectoneme/supercoil capture

experiment conducted under increased salt conditions. (B) At 100 mM potassium glutamate
and 1 mM ATP, a 10 kb DNA under 0.3 pN force has stable extension (purple points, left);
following increase of linking number to ALk = —30 (blue), the molecule forms plectonemic
supercoils (dark green points); when linking number is returned to ALk = 0, only part of the
DNA length contained within the plectoneme is returned (purple points, right); about 1000
nm of length has been “captured” by the Smc5/6 core complex. (C) Experiment similar to B
showing capture of supercoiled DNA by the Smc5/6 core complex following supercoiling to
ALk = +30 and return to ALk = 0. (D) In the absence of ATP, linking number can be
reversibly and repeatedly cycled between ALk = 0, +30 and —30 with no capture of
supercoiling by the Smc5/6 complex. (E) Averages of capture experiments over a series of 5
trials show that a large fraction of the DNA length change resulting from plectonemic
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supercoiling can be captured by the Smc5/6 core complex in the presence of ATP (/.e., right
bars; equivalent to step 4 in panel A). Changes observed in DNA extension/length are
expressed as plectoneme size (hm) in the graph. The initial size of plectonemes formed with
naked DNA (left bars; equivalent to step 2 in panel A) or in the presence of 5 nM Smc5/6
core complex (central bars; step 3) are shown for comparison. Each bar shows mean and
SEM. See also Figure S5B,C.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse monoclonal anti-HA antibody (12CA5) MilliporeSigma Cat#11583816001
Anti-mouse IgG, Sheep polyclonal antibody (HRP-conjugated) Cytiva Cat#NA931
Bacterial and Virus Strains

XL10-Gold ultracompetent cells Agilent Cat#200315
Biological Samples

Chemicals, Peptides, and Recombinant Proteins

ACTEV™ protease Thermo Fisher Scientific Cat#12575015
SYBR Gold Invitrogen Cat#S11494
SYBR Green | Invitrogen Cat#S7563
Critical Commercial Assays

QuikChange Lightning multi site-directed mutagenesis kit Agilent Cat#210513
Immobilon Crescendo Western HRP substrate MilliporeSigma Cat# WBLUR0500
Deposited Data

Raw and analyzed data This paper http://dx.doi.org/10.17632/35z5bfkpv3.1
Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Saccharomyces cerevisiae strain background K699/K700 (see This paper N/A

Table S2 for a complete list of strains used in this study)

Oligonucleotides

Recombinant DNA

Ylplac211 plasmid ATCC Cat#87593
Plasmid 1409: Agel-Nterm_hSmc5-LINKER-Avrll This paper N/A

Plasmid 1410: Sacl-LINKER-Nterm_hNSE4a-BamH] This paper N/A

Z2u plasmid for protein overexpression in budding yeast St-Pierre et al., 2009 N/A

pNG1175 Keenholtz et al., 2017 N/A

¢X174 ssDNA New England Biolabs Cat#N3023L
pBluescript Il KS dsDNA Agilent Cat#212207

Software and Algorithms

EMAN2 Tang et al., 2007 https://blake.bcm.edu/emanwiki/EMAN2
RELION 3.0 Scheres, 2012 https://github.com/3dem/relion
Xmipp Sorzano et al., 2004 https://github.com/I12PC/xmipp

UCSF Chimera

Pettersen et al., 2004

https://www.cgl.ucsf.edu/chimera/

ImagelJ Schneider et al., 2012 https://imagej.nih.gov/ij/

Prism 7 Graphpad www.graphpad.com

LabVIEW National Instruments Corp | https://www.ni.com/en-ca/shop/labview.html
Circos Krzywinski et al., 2009 WWW.Circos.ca

Other
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