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Three distinct SMC complexes facilitate chromosome folding and segregation in eukaryotes, presumably by DNA translo-
cation and loop extrusion. How SMCs interact with DNA is however not well understood. Among the SMC complexes,
Smc5/6 has dedicated roles in DNA repair and in preventing a lethal buildup of aberrant DNA junctions. Here, we describe
the reconstitution of ATP-dependent topological DNA loading by Smc5/6 rings. By inserting cysteine residues at selected
protein interfaces, we obtained covalently closed compartments upon chemical cross-linking. We show that two SMC sub-
compartments and the kleisin compartment topologically entrap a plasmid molecule, but not the full SMC compartment.
This is explained by a looped DNA segment inserting into the SMC compartment with the kleisin neck gate locking the loop
in place when passing between the two DNA flanks and closing. This DNA segment capture strictly requires the Nse5/6
loader, which opens the neck gate prior to DNA passage. Similar segment capture events without gate opening may provide
the power stroke for DNA translocation/loop extrusion in subsequent ATP hydrolysis cycles. Our biochemical experiments
thus offer a unifying principle for SMC ATPase function in loading and translocation/extrusion, which is likely relevant to

other members of the family of SMC proteins too.

Introduction

In eukaryotes, three distinct Structural Maintenance of
Chromosomes (SMC) complexes (cohesin, condensin,
and Smc5/6) share essential tasks in the maintenance of
chromosome structure and the faithful transmission of ge-
netic information during nuclear division [reviewed in ].
Some of these ATP-powered DNA-folding machines are
known to form large DNA loops by loop extrusion 2#. This
is thought to allow condensin to compact chromatids in
mitosis and cohesin to participate in gene regulation, DNA
repair and recombination in interphase. However, loop ex-
trusion or merely DNA translocation may well be a con-
served feature of all pro- and eukaryotic relatives. Smc5/6
has indeed recently been shown to extrude DNA loops or
translocate along DNA in vitro (Pradhan et al., 2022), but
the cellular functions and relevance of these activities re-
main unclear. DNA entrapment has long been considered
a basic and essential feature of SMC function *. It pro-
vides a simple explanation for how SMC complexes stay
in cis (on a given DNA molecule) over time, maintain di-
rectionality of translocation, and readily bypass obstacles
up to few tens of nm in size that they encounter frequently
on the chromosomal translocation track. However, the re-
quirement of DNA entrapment and the exact nature of the
DNA interaction remain contested with all possibilities be-
ing considered in the recent literature (Fig 1A): topologi-
cal DNA entrapment, DNA loop entrapment (also denoted
as pseudo-topological entrapment), and exclusively exter-
nal DNA association. The latter scenario was bolstered by
the perceived bypass of very large obstacles by purified
cohesin and condensin in single molecule imaging exper-
iments 5. Cryo-electron microscopy studies have not yet
been able to adequately address this question and partic-
ularly little is known about how Smc5/6 associates with
DNA. Resolving DNA topology will be vital to refute and
refine models for how the SMC ATPase powers DNA
translocation and loop extrusion 87.

Taschner and Gruber, 2022 (preprint)

Complete loss of Smc5/6 function leads to severe chro-
mosome segregation defects in mitosis and meiosis &2,
Toxic DNA structures such as unresolved recombination
intermediates, DNA intertwinings, or incompletely repli-
cated chromosomal regions prevent proper chromosome
segregation in the absence of Smc5/6 '*'5. DNA translo-
cation by Smc5/6 may be required to detect and eliminate
such DNA junctions. The Smc5/6 holo-complex com-
prises eight subunits: Smc5-6 and Nse1-6 in S. cerevisiae
(fig S1A). All of them cause lethality when removed by
gene disruption °. Smc5-6 and Nse4 together form the
conserved ATPase core with an elongated shape that is
characteristic for all SMC complexes '%2'. Smc5 and
Smc6 proteins harbor the canonical ‘hinge’ domains for
heterotypic dimerization connected via ~35 nm long anti-
parallel coiled-coil ‘arms’ to globular ABC-type ‘head’ do-
mains with highly conserved motifs for ATP-binding and
hydrolysis 22-24. The kleisin subunit Nse4 bridges the head
of the K-SMC protein Smc5 to the head-proximal coiled
coil (‘neck’) of the v-SMC protein Smc6. This creates the
SMC/kleisin (SK) ring structure shown in other SMC com-
plexes to be in principle capable of entrapping DNA 25-2°,
Nse4 serves as attachment point for two kite proteins (the
Nse1 and Nse3 subunits), also found in the prokaryotic
SMC complexes *, while the Smc5/6-specific subunit
Nse2 attaches to the coiled-coil arm of Smc5 3. Finally, a
stable sub-complex is formed by the Nse5 and Nse6 sub-
units '820_ |t contacts the Smc5/6 hexamer via multiple in-
terfaces including one on the arms and one on the heads.
Single-molecule tracking and biochemical studies sug-
gest a function of Nse5/6 in chromosome loading 2%32, In
S. pombe (but not in S. cerevisiae), disruption of nse5 and
nse6 genes cause less severe phenotypes when com-
pared to deletion of other Smc5/6 subunits, indicating that
the hexamer can partially function without Nse5/6 in fis-
sion yeast 33. Curiously, loop extrusion by S. cerevisiae
Smc5/6 does not depend on the loader Nse5/6 and is ac-
tually inhibited by it, implying that Smc5/6 has essential
functions beyond loop extrusion 34. A dedicated loader
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appears to be involved in viral restriction by Smc5/6 in hu-
man cells 3.

The ATP hydrolysis cycle involves major structural rear-
rangements in the SMC complex %¢+!. Three main confor-
mations have been delineated for Smc5/6 (fig S1B) '6-2:
(1) In the ‘ATP-engaged state’, two molecules of ATP are
sandwiched by residues of the Walker A and B motifs of
the Smc5 head and the signature motif of the Smc6 head
and vice versa. The engaged heads keep the two head-
proximal arms at a distance, thus opening an SMC com-
partment 364243 (2) In the ‘juxtaposed state’, the heads are
ATP-disengaged and the Smc5 and Smc6 arms co-align
yielding a closed SMC compartment 2. (3) The ‘inhibited
state’ relies on the intercalation of the loader Nse5/6 be-
tween the arms and heads of Smc5/6 %29, thus prevent-
ing head engagement and ATP hydrolysis. The inhibition
is in turn overcome by the binding of a suitable DNA sub-
strate 2°. A head/DNA interface on top of the engaged
heads was described for several SMC complexes 384450,
Such a DNA-clamping state has recently also been de-
scribed for Smc5/6 by cryo-electron microscopy 3.

Here we demonstrate that Smc5/6 holo-complexes effi-
ciently entrap DNA molecules. Using the reconstituted
DNA loading reaction, we elucidate the position and to-
pology of DNA in the Smc5/6 complex, and we unambig-
uously identify the neck gate as DNA entry gate.

Results

Topological DNA entrapment by the Smc5/6 ring

Salt-stable DNA binding by the octameric yeast Smc5/6
holo-complex depends on a circular DNA substrate, being
indicative of a topological component of the Smc5/6 DNA
association 2°. Here we delineate the position of DNA in
the Smc5/6 complex by creating covalently closed DNA
compartments followed by protein-DNA co-isolation under
protein-denaturing conditions (Fig 1A). First, we tested
whether the perimeter of the Smc5/6 ring entraps plasmid
DNA by cross-linking the three ring interfaces to generate
a covalently closed SK ring. We used structure prediction
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(by AlphaFold-Multimer) to position cysteine pairs at two
ring interfaces (Fig 1A) %'-%2. We observed robust chemi-
cal cross-linking of the Smc5/Nse4 interface (~80 %) and
the Smc6/Nse4 interface (~90 %) upon addition of BMOE
(fig S2A, lanes 3 and 4), as shown for the Smc5/6 hinge
20 When cysteine pairs at all three ring interfaces were
combined, cross-linking gave rise to a significant fraction
of covalently closed Smc5/6 SK ring species (fig S2A,
lane 8) (Fig 1B). The cysteine mutations did not have
strong effects on the Smc5/6 ATPase activity (fig S2B).
We then separated protein-DNA catenanes from free
DNA species by agarose gel electrophoresis (schematics
in fig S3A) 53, Cross-linking at the three SK ring interfaces
resulted in a characteristic laddering of a small (1.8 kb)
plasmid at an elevated Smc5/6 concentration (400 nM)
(Fig 1C), presumably due to the reduced mobility of DNA
molecules associated with increasing numbers of Smc5/6
complexes. The laddering was fully dependent on ATP
and disappeared when plasmid DNA was linearized by a
restriction enzyme prior to gel electrophoresis, as ex-
pected for a topological interaction (Fig 1C). This loading
reaction reached a steady state relatively quickly (within
minutes; see below). Moreover, three protein prepara-
tions lacking one of the six engineered cysteines showed
little or no DNA laddering, with the residual gel shift likely
explained by low levels of off-target cross-linking (fig
S2C).

The laddering was virtually abolished in the absence of
the loader Nse5/6 (Fig 1D) and also clearly reduced by
ATP-hydrolysis deficient mutations in both Smc5 and
Smc6 (‘EQ/EQ’), indicating that ATP hydrolysis promotes
more robust DNA entrapment. Based on similar experi-
ments using protein gel electrophoresis, we estimate that
a large fraction of Smc5/6 entraps plasmid DNA under our
experimental conditions (fig S2D). We conclude that top-
ological DNA loading by the Smc5/6 holo-complex is a ro-
bust and efficient reaction.

Figure 1: DNA entrapment in Smc5/6 (A) Schematic
view of a supercoiled circular DNA substrate (left) bound
to SMCl/kleisin rings (with topological DNA entrapment,
top; non-topological DNA entrapment, middle; no DNA
entrapment, bottom) and of the Smc5/6 ring subunits
(middle panel). Positions of cysteines engineered for
cross-linking of the hinge, Smc6/Nse4 and Smc5/Nse4
interfaces are indicated in green, purple, and orange
colors, respectively. Close-up view of the positions of
cysteines at the Smc6/Nse4 (top right panel) and
Smc5/Nse4 (bottom right panel) interfaces. (B) Two
schematic representations of the SMC/Kleisin (SK)
compartment depending on the positioning of the Nse4
kleisin subunit. Three cysteine pairs—necessary to co-
valently close it—are indicated with colored handlebars.
A cartoon showing the cross-linked complex with the
colored compartment after denaturation is shown in the
dashed box. Positions of hinge as well as N- and C-ter-
minal ATPase domains are still shown as half-ovals and
circles, respectively. (C) Co-isolation of cross-linked
Smc5/6 proteins with plasmid DNA by agarose gel elec-
trophoresis. Results obtained with octameric Smc5/6
holo-complex harboring cysteine pairs for cross-linking
rel of the SK ring, comparing linear and circular DNA sub-
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plasmid ther ATP or the Nse5/6 loader are also included. The
plasmid substrate is largely supercoiled (sc), but a re-

laxed (rel) form is also visible.
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DNA entrapment in the kleisin compartment

We next wondered where DNA might be located in the
Smc5/6 complex. We previously showed that under the
conditions promoting salt-stable DNA binding and DNA
entrapment (Fig 1C-D) the complex exhibits efficient head
engagement as measured by cysteine cross-linking 2°.
Head engagement produces an SMC (‘S’) and a kleisin
(‘K’) compartment (see schemes in Fig 2A). DNA must be
in at least one of the two compartments. We first com-
bined the cysteine pair at ATP-engaged heads with cys-
teines at both SMC/Nse4 interfaces to generate a cova-
lently closed K compartment, which yielded robust DNA
entrapment again in an ATP and loader-dependent man-
ner (Fig 2B, top panel). The efficiency of entrapment in
the K compartment appeared somewhat reduced when
compared to the SK ring but this is likely explained by the
reduced efficiency of engaged-heads cross-linking [~25
%; 2°]. A series of samples cross-linked at different time
points after mixing showed that entrapment was detecta-
ble after 30 seconds and was saturated within a few
minutes in both the SK ring and the K compartment (fig
S2E), supporting the notion that the two types of entrap-
ment emerge from the same biochemical reaction and
possibly correspond to the same state. We conclude that
the K compartment of the ATP-engaged Smc5/6 holo-
complex is occupied by DNA.
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DNA segment capture in the SMC compartment

Next, we combined head and hinge cysteines to create a
covalently closed S compartment (Fig 2A). Contrary to
the K compartment, no loader-dependent DNA entrap-
ment was observed for the S compartment (Fig 2B, sec-
ond panel). This may suggest that the S compartment is
devoid of DNA when heads are ATP-engaged. Alterna-
tively, a DNA loop (rather than a single DNA double helix)
may thread into the S compartment with the pseudo-top-
ologically held DNA being lost upon protein denaturation
even after cross-linking. To avoid confusion with the to-
be-extruded DNA loop, we designate this configuration as
DNA segment capture (Fig 2C, right scheme) %*. To test
for DNA segment capture, we sought to split the S com-
partment into two sub-compartments that each entrap a
single DNA double helix rather than a DNA loop. A cryo-
EM structure showed that the Nse3 subunit may split the
S compartment into halves by contacting the Smc5 as well
as the Smc6 coiled coil in a DNA clamping state 3. We
generated cysteine pairs to cross-link Nse3 to SmcS and
to Smcb (fig S4) and combined them with hinge cysteines
to create an upper SMC compartment (S"?) and with the
head cysteines to generate a lower SMC compartment
(S') (Fig 2A). Intriguingly, the cysteine combinations for
the S and the S'° compartments both resulted in robust
DNA laddering (Fig 2B, lower panels), demonstrating that
a DNA segment is efficiently cap-
tured in the SMC compartment
and held as a loop with one DNA
passage in the S'° compartment
and another one in the S"* com-
partment (Fig 2C).

The loader Nse5/6 opens the neck
gate in Smc5/6

In the course of the above experi-
ments, we noticed that the cross-
linking of the cysteine pair at the
Smc6/Nse4 interface, designated
as neck gate, is strongly sensitive
to ligands. While cross-linking was
robust (~ 90%) with or without ATP
and DNA in the absence of the
loader (Fig 3, lanes 2-5), it was
strongly hampered when the
loader Nse5/6 was added, espe-
cially when plasmid DNA was pre-
sent (Fig 3, lanes 7 and 8). Of
note, such a behavior was not ob-
served for cysteine pairs at the
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(fig S5) or at the Smc5/Nse4 inter-
face (fig S6A). However, addition

Figure 2: DNA entrapment in Smc5/6 sub-compartments (A) Schematic representation of sub-com-
partments formed during ATP-dependent head engagement. The scheme on the left shows the complete
Smc5/6 hexamer with the SK compartment highlighted as in Fig 1. Combinations of Cys-pairs (colored
handlebars as indicated) lead to covalent closure of kleisin (K) and SMC (S) compartments, with the latter
being split into upper (S*) and lower (S'°) compartments by Nse3 crosslinking as indicated. Note that the
schemes on the right only show the cross-linked subunits that remain attached after denaturation.
Schemes in dashed boxes indicate compartments after denaturation as in (Fig 1B). (B) Co-isolation of
cross-linked Smc5/6 proteins with plasmid DNA by agarose gel electrophoresis. Results obtained with
protein preparations harboring cysteine pairs for cross-linking of the K (top panel), S (second panel), S*?
(third panel), or S° compartments (bottom panel). As in Fig 1D. (C) Schematic representation of a DNA
segment capture state explaining the findings in (B).
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of the loader led to some off-target
crosslinking of a native cysteine in
Nse5 with Smc5(G1054C) (fig
S6B). More importantly, however,
neck gate cross-linking in the oc-
tamer was partially restored by ad-
dition of ATP alone (Fig 3, lane 9)
and virtually fully restored by addi-
tion of both ATP and DNA (lane
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10). Similar cross-linking efficiencies were observed with
complexes harboring all cysteines for SK ring cross-link-
ing (fig S6C). Experiments performed with complexes
carrying mutations of active site residues showed that this
stimulatory effect of DNA on neck gate closure requires
ATP-engagement of Smc5/6 heads (fig S6D, lanes 9 and
10) but not ATP hydrolysis (fig S6E, lanes 9 and 10). Al-
together, the presented results thus suggest that binding
of the Smc5/6 hexamer to the loader Nse5/6 specifically
detaches one of the three ring interfaces. DNA clamping,
i.e., ATP-engagement of SMC heads in conjunction with
DNA binding at the head/DNA interface, appears to pro-
mote gate closure. Interestingly, fusion of Nse4 to Smc6,
but not to Smc5, is lethal in S. cerevisiae, indicating that
opening of the neck gate is essential for Smc5/6 function
(fig S6F and '7). The neck gate is largely closed in the
presence of ATP and DNA, implying that once loaded
onto DNA, Smc5/6 holo-complexes form a ring that en
compasses the DNA double helix.
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a respective deletion mutant in yeast using plasmid shuf-
fling 5. smc5 alleles harboring double or triple glutamate
substitutions resulted in a strong growth phenotype, while
alanine mutations were apparently tolerated well (Fig 4B).
The smc6 gene was somewhat more sensitive to the mu-
tagenesis with the triple alanine mutant also exhibiting
clear growth retardation (Fig 4C). A selection of residues
based on a recent cryo-EM map *3 resulted in similar out-
comes (fig S7D and E). The deficiencies of the single,
double, and triple alanine mutants in smc6 were aggra-
vated when combined with the smc5(3A) allele, suggest-
ing that these residues have partially overlapping func-
tions (fig S7F) as previously observed for bacterial Smc
% The sextuple alanine mutant strain [smc5(3A),
smc6(3A) or 3A3A] displayed a null-like phenotype, sup-
porting the notion that the head/DNA interface is crucial
for an essential function of Smc5/6.

Selecting one partially and one fully defective mutant
(smc6(3A) and 3A3A, respectively) we tested for DNA
loading of Smc5/6 when DNA binding at
the heads is compromised. First, we
measured ATP-dependent salt-stable
DNA binding by pull-down assays as de-
scribed previously [%°; fig S3B]. The

complex

<IXLin wt Smc6(3A) variant only poorly recovered
XL 6/4 plasmid DNA, while the 3A3A variant was
completely unable to do so, together
_Smce strongly suggesting that DNA binding is
e crucial for Nse5/6 mediated DNA loading
(Fig 4D). Next, we combined the
Smc6(3A) and the 3A3A mutations with
=Nse5/Nse6 the cysteine variants for SK cross-linking
—Nse4 and DNA entrapment. Using the standard
buffer conditions (150 mM NaCl), both
=Nsea/Nse3 mutants failed to support any DNA en-

- 89 88 91 89 -

Figure 3: Opening of the neck gate in Smc5/6. Cross-linking of purified Smc5/6 hexamers
with cysteines at the Smc6/Nse4 interface in the presence and absence of ligands. Detection
of cross-linked species by SDS-Page and Coomassie staining. Loss of cross-linking suggests
that the gate is open. Equivalent experiments for this interface containing ATPase head muta-

tions as well as for other cysteine pairs are shown in fig S6.

DNA clamping is a prerequisite for efficient gate closure
and DNA entrapment

The above observations suggested that DNA binding
plays a role in neck gate closure. We next determined
whether the head/DNA interface is indeed crucial for top-
ological DNA entrapment or important only subsequently
for example for the conversion of a putative ‘DNA holding’
intermediate into the DNA segment capture state (see
later). Based on sequence conservation and structure
comparison (fig S7 A-C), we identified three positively
charged residues on Smc5 (K89, R139, R143) and an-
other three on Smc6 (R135, K200, K201) as putative DNA
binding residues (Fig 4A). To test whether these residues
are important for DNA entrapment, we mutated them by
alanine and glutamate substitution (charge removal and
reversal, respectively) in isolation or in combination. Mu-
tant alleles were tested for functional complementation of
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28 10 55 81

trapment (Fig 4E, top panel). When the
reaction buffer was adjusted to mimic the
conditions used for salt-stable DNA bind-
ing (150 mM KOAc; a ‘milder’ salt with
larger ions), the Smc6(3A) variant sup-
ported residual DNA entrapment, while
the 3A3A variant did not (Fig 4E, bottom
panel). These results demonstrate that
the head/DNA binding interface is crucial for topological
DNA entrapment by Smc5/6. Of note, the mutant com-
plexes showed slightly reduced ATPase activity (fig S2B).
However, the defect in DNA entrapment is not explained
by the lack of ATP hydrolysis, since the EQ/EQ complex
quite efficiently entrapped DNA despite failing to support
any noticeable ATPase activity (Fig 4E and fig S2B).
Moreover, the mutant complexes produced ring cross-
linking albeit at somewhat reduced efficiency, in particular
the 3A3A mutant, an effect that was more pronounced in
the stringent salt buffer (fig S6G). The latter is likely ex-
plained by defects in neck gate closure, as the complex
lacking DNA binding residues on Smc5 and Smc6 heads
also failed to display DNA-stimulated neck gate closure
(fig S6H). DNA clamping might thus serve (at least) two
related purposes during DNA entrapment: guiding kleisin
over clamped DNA prior to closure and promoting gate
closure itself.

Smc6/Nsed XL %
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Figure 4: DNA clamping is essential for DNA entrapment (A) The positions of the selected residues are sche-
matically displayed for the DNA clamping state. See also fig S7A. (B) Positively charged residues on the Smc5
head were mutated to alanine (‘A’) or glutamate (‘E’) in isolation or in combination as indicated. The mutant alleles
were tested for function by plasmid shuffling. Counterselection against a pPCEN(URA3) plasmid carrying a wild-
type SMCS5 allele by addition of 5-fluorouracil (‘5FOA’) revealed smc5 mutants resulting in a growth defect. (C)
As in (B) for residues in Smc6. (D) Salt-stable DNA binding with wild-type and mutant Smc5/6 as determined by
protein immobilization using a Twin-Strep tag on Smc6 (bottom panel) and detection of co-isolated plasmid DNA
(‘recovered plasmid’) by agarose gel electrophoresis (top panel). (E) DNA entrapment in the SK ring of wild-type,
DNA-binding, and ATP-hydrolysis defective Smc5/6 mutants. Using standard DNA entrapment salt conditions
(150 mM NaCl) as in Fig 1D (top panel) or buffer with reduced ionic strength (150 mM KOAc) as used for the

salt-stable DNA binding assay in (D).

DNA passage through the neck gate

We wondered whether DNA might indeed enter the
Smc5/6 ring by passing through the neck gate that opens
upon association with the loader Nse5/6 and closes upon
DNA encounter. To test this hypothesis directly, we cre-
ated an Smc6-Nse4 fusion protein. The linker peptide co-
valently connects the C-terminus of the Smc6 polypeptide
to the N-terminus of Nse4 and includes a recognition se-
quence for cleavage by the 3C protease (fig S8A). This
construct is non-functional in vivo (fig S6F; as previously
reported for a related construct {Serrano, 2020 #98}). The
reconstituted Smc5/6 complex harboring this fusion pro-
tein hydrolyzed ATP normally (fig S2B). We next com-
bined the Smc6-Nse4 fusion protein with cysteines for
DNA entrapment experiments (see schematics in fig
S$8B). When combining cysteines at the hinge and the
Smc5/Nse4 interface with the Smc6-Nse4 fusion protein,
the ring species failed to produce any gel shift, demon-
strating that DNA entrapment is not possible when Smc6
is linked to Nse4, as expected if the neck gate indeed
serves as DNA entry gate (Fig 5A, lanes 5-7 and fig
S8B). Curiously, however, we recovered DNA laddering
when combining the Smc6-Nse4 fusion with only the neck
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ological entrapment of a
DNA loop in an expanded
‘SK-plus-linker’ compart-
ment (see schematics of
closed and denatured
compartments in Fig 5A),
thus explaining the ab-
sence of laddering when
the Smc6-Nse4 interface
was only closed by the
peptide linker but not by
the cross-link. Cleavage of
the linker peptide by 3C
protease before (fig S8C) or after (Fig 5C) the loading
reaction eliminated the entrapment by the linker compart-
ment and also removed the smaller-sized steps observed
with the fusion protein plus all three cysteine pairs. Also
consistent with the linker wrapping around DNA, we find
that the Smc6-Nse4 fusion complex supported normal or
near-normal salt-stable DNA binding regardless of
whether the peptide linker was left intact or cleaved,
whereas a control complex with an open kleisin did not
(fig S8D). Taken together, these results strongly suggest
that the engineered peptide linker indeed embraces the
incoming DNA and identify the neck gate as DNA entry
gate.

Our experiments imply that all loading happens via the
neck gate. However, a recent study showed that (in addi-
tion to the neck gate) the hinge serves as DNA entry gate
for topological entrapment by cohesin in vitro %3. Related
experiments performed with covalently linked Smc5/6
hinge domains (using a Spy-tag/Spy-Catcher pair, fig
S8E) did not display any DNA entrapment defects (Fig
5D) confirming that passage via the hinge does not nota-
bly contribute to DNA entrapment in Smc5/6 and high-
lighting intriguing differences in DNA loading between
these SMC complexes.
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The Smc5/6 ring entraps plasmid DNA in vivo

Finally, we wanted to investigate whether DNA entrap-
ment by the Smc5/6 complex also occurs in vivo. We in-
troduced the cysteine pairs for SK ring crosslinking into
the nse4, smcb and smc6 genes in budding yeast by al-
lelic replacement. Following BMOE cross-linking in cells,
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Figure 5: DNA passes through the Smc6/Nse4 gate

(A) Co-isolation of cross-linked Smc5/6 proteins with plasmid
DNA by agarose gel electrophoresis. Results obtained with pro-
tein preparations containing combinations of Cys-pairs and an
Smc6-Nse4 fusion protein. Schematic drawings of crosslinked
and denatured protein species are shown below the gel, with
the closed compartments indicated. Different observed step-
sizes of DNA ladders are caused by differences in the size of
the crosslinked protein species. (B) Schematic representation
of DNA clamping in the presence of an Smc6-Nse4 fusion pro-
tein. The length of the linker allows it to wrap around the DNA
strand clamped on ATP-engaged heads. (C) As in (A) but with
only a high concentration of complex, and with or without post-
entrapment opening of the linker using the HRV 3C protease.
(D Co-isolation of cross-linked Smc5/6 proteins with plasmid
DNA by agarose gel electrophoresis, comparing a protein prep-
aration harboring cysteine pairs for cross-linking of the SK ring
with one in which the hinge Cysteine-pair is replaced by a Spy-
tag/Spy-Catcher fusion. Topological DNA entrapment in
Smc5/6 is not prevented by the hinge-fusion, unlike shown for
cohesin.

immunoprecipitation and Southern blotting analy-
sis as developed to detect cohesin DNA entrap-
ment, we could clearly demonstrate the entrap-
ment of a CEN plasmid by Smc5/6, similar to co-
hesin but without leading to cohesion of plasmid
DNA (Fig 6). A control strain lacking one of the 6
cysteines for cross-linking of Smc5/6 did not show
DNA entrapment.

Discussion

DNA entrapment by SMC complexes

Many of the diverse SMC functions in genome
maintenance and chromosome organization are
thought to arise directly from a DNA motor activity
1. Revealing the DNA topology underlying loop ex-
trusion and translocation is a prerequisite for a
basic understanding of SMC activity. We show
here that purified preparations of Smc5/6 holo-
complexes quickly and effectively entrap circular
DNA substrates in a topological manner. This re-
action is strictly ATP- and loader-dependent, and
DNA entrapment is also detectable in vivo. We re-
veal the DNA entry gate and characterize the tra-
jectory of DNA into the Smc5/6 ring showing that
DNA loading involves a looped DNA substrate and
eventually leads to the capture of a DNA segment
by Smc5/6.

While the notion of DNA entrapment was chal-
lenged again recently by single-molecule imaging
that apparently showed the bypass of very large
obstacles on DNA by translocating cohesin and
condensin °, we argue based on our new findings
and previous reports that DNA entrapment must
not be discounted. Earlier studies measuring salt-
stable DNA binding are in support of DNA entrap-
ment by cohesin, condensin and Smc5/6, but they did go
short of revealing the mode of DNA entrapment or the
DNA-containing compartment 16.20.56-%8 Experiments with
entire bacterial chromosomes have provided strong evi-
dence for DNA entrapment in the SK ring (and the K but
not the S compartment) of Smc-ScpAB and MukBEF but
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Figure 6: Smc5/6 entraps DNA in vivo
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did not reveal the mode of entrapment due to the com-
plexity of the DNA substrate (including branches on the
replicating chromosome) 24!, Cohesin SK rings are
known to support DNA entrapment in vivo at least in the
context of sister chromatid cohesion 6. Single-molecule
imaging experiments with cohesin however suggest that
loop extrusion might not require cohesin ring opening, im-
plying entrapment of a DNA loop or external DNA associ-
ation rather than topological DNA entrapment 2. Entrap-
ment of a DNA loop has recently also been proposed for
the SK ring of yeast condensin based on co-isolation ex-
periments after site-specific cross-linking .

Our data clearly demonstrate the topological DNA entrap-
ment by Smcb5/6 in vivo and elucidate its reliance on
Nse5/6 in vitro. Nse5/6 has previously been implicated in
chromosome loading in vivo by single molecule tracking
in fission yeast 32. Curiously, Nse5/6 is dispensable for
DNA loop extrusion by Smc5/6 in vitro, and actually hin-
ders it **. To reconcile these observations, one may in-
voke that Nse5/6 converts dynamic loop extruding
Smc5/6 complexes into more stably bound DNA-entrap-
ping complexes. The latter may (or may not) support DNA
translocation 4. The functions of all these states and ac-
tivities remain to be discerned.

The loader opens the neck gate for DNA entry

Strict topological entrapment (as previously documented
for cohesin and here for Smc5/6) requires the passage of
one annular particle through an opening in another. Here,
we unequivocally demonstrate that the neck gate serves
as major and likely only entry gate in Smc5/6. This con-
clusion is based on an Smc6-Nse4 fusion protein, in which
the linker does not block DNA loading but entraps the in-
coming DNA in flagrante delicto in an artificial linker com-
partment. The identity of the entry gate is furthermore sup-
ported by its efficient opening upon contact of the Smc5/6
hexamer with the loader Nse5/6, and by the lethality
caused by the relevant fusion in vivo in budding yeast 7.
Other possible gates do not seem to contribute to DNA
entrapment in the reconstituted reaction [as judged by the
absence of DNA entrapment by complexes harboring the
Smc6-Nse4 fusion protein (as wells as cysteines for
cross-linking the hinge and Smc5/Nse4)]. The situation
appears more complicated in other SMC complexes. The
neck gate is known to support DNA exit in cohesin 8064
and has also been implicated in DNA entry in cohesin 4758
as well as condensin . A recent paper demonstrated that
cohesin DNA entry can be supported by the hinge and by
the neck gate in vitro, however, with entry only via the
hinge being dependent on the loader protein Scc2 53, pos-
sibly suggesting that the hinge is the main or physiological
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gate for DNA entry, in contrast to what we observed here
for Smc5/6. Moreover, sister chromatid cohesion can be
built by cohesin complexes harboring an Smc3-Scc1
‘neck gate’ fusion protein. This fusion protein also sup-
ports DNA entrapment by cohesin in vivo (when combined
with cysteines for cross-linking of the other ring interfaces,
unlike observed with Smc5/6 in Fig 5) 265966 again imply-
ing fundamental differences with Smc5/6. A recent study
in contrast to earlier reports suggested that condensin
loading does not require an entry gate at least for DNA
loop extrusion.

We find that the association with the loader destabilizes
the contact between Smc6 and Nse4. Knowing that the
loader intercalates between Smc5 and Smc6 heads 1920
and that the Nse4 middle part is rather short, we propose
that steric constraints prevent Nse4 from being attached
to both SMC proteins simultaneously when the loader is
also bound, resulting in the detachment of the least stable
interface. DNA binding might reverse the effect of the
loader, by evicting it from between the SMC heads and
enabling productive head engagement (and ATP hydroly-
sis) 2° as well as ring re-closure by Smc6/Nse4 associa-
tion. Assuming that the presence of DNA keeps the neck
gate shut also during subsequent ATP hydrolysis cycles,
this would result in a stable DNA association possibly fa-
cilitating DNA translocation over extended periods of time.
The neck gate interface also appears labile in purified
preparations of cohesin and condensin (sub-)complexes
with the binding partners detaching from one another
upon ATP-head engagement %57 [or incubation with co-
hesin unloading factors %8]. A similar reaction has been
proposed for fission yeast Smc5/6 based on yeast-two-
hybrid experiments 8°. Neck gate opening upon ATP bind-
ing and head engagement, however, diametrically con-
trasts with our finding on budding yeast Smc5/6, where
ATP-dependent head engagement leads to closure rather
than opening of the gate (Fig 7). Whether these mecha-
nistic differences have biological consequences will be
important to work out.

DNA segment capture for loading as well as translocation

We propose that DNA loading involves DNA segment
capture as an essential intermediate. We find that
head/DNA binding is required for gate closure as well as
for DNA entrapment. The head/DNA contacts conceivably
hold a bent DNA segment in place during loading and fur-
ther DNA contacts guide the kleisin subunit around DNA
to ensure entrapment of a DNA double helix in the SK ring
(Fig 2C). Of note, a model proposed for cohesin DNA
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Figure 7: Model for chromosome loading and DNA translocation by alternating between a holding and a segment-capture state
Schematic representation of the main findings presented in this study. The segment-capture state (middle) is an essential intermediate in both
DNA loading (left) and DNA translocation (right). Note that two possibilities for this state are indicated, differing in their degree of arm opening

towards the hinge.

loading via the neck gate resembles our notion of DNA
segment capture *’. However, DNA loading via the cohe-
sin neck gate has since been shown to work regardless
of the absence or presence of the loading-clamping sub-
unit Scc2, thus challenging this notion 53,

Why would DNA loading of SMC complexes involve such
an intricate structure rather than rely on entrapping a sin-
gle DNA double helix? DNA segment capture has first
been proposed to explain DNA translocation and DNA
loop extrusion by bacterial Smc-ScpAB and other SMC
complexes 3% (Fig 7). We envisage that the segment-
capture states during loading and during transloca-
tion/loop extrusion are structurally related. The notion of
DNA segment capture mediating DNA loading as well as
translocation explains how the very same ATPase core
supports two distinct biochemical reactions and thus pro-
vides a unified framework for SMC ATPase functions,
possibly also applicable to other SMC-related processes.
The segment-capture state is consistent with observa-
tions on the bacterial SMC complexes Smc-ScpAB and
MukBEF made by in vivo cross-linking and chromosome
isolation as well as a cryo-EM structure of the MukBEF
complex encompassing two separate DNA molecules
3841 If true, the similarities in DNA topology are remarka-
ble, especially when considering the large evolutionary
distances between the three SMC complexes. Notably,
the entrapment results were obtained with cysteines re-
porting distinct ATPase states (i.e. predominantly the jux-
taposed and the ATP-engaged state for Smc-ScpAB and
Smc5/6, respectively; in case of MukB the cysteines did
not strongly discriminate between the states), indicating
that DNA topology does not change after initial loading
and that the entry gate may remain shut during subse-
quent ATP hydrolysis cycles (Fig 7). Recent data suggest
that loop extrusion by condensin does not require the
opening of a dedicated DNA entry gate and may therefore
not involve the same loading intermediate %°7°. Subse-
quent steps of loop extrusion however could still proceed
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via DNA segment capture %, which is consistent with the
entrapment of DNA in the S“* compartment in con-
densin®.

Future experiments will have to elucidate how exactly
DNA entrapment by Smc5/6 is linked to its function and
its activities as translocator and loop extruder. While a
segment capture-type mechanism explains our new find-
ings, other suitable scenarios may exist or emerge in the
future.
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Materials and Methods

Cloning of expression plasmids

Plasmids containing multiple expression cassettes for subunits of the
S. cerevisiae Smc5/6 complex were cloned as described in 2°. Tran-
scription of Smc5-containing cassettes was regulated with a tac-pro-
moter and lambda-terminator, while the other subunits were tran-
scribed by T7 promoters and terminators. A list of all expression plas-
mids used in this study can be found in Table S1.

Protein expression and purification

All proteins and protein complexes described in this study were ex-
pressed in E. coli (DE3) Rosetta transformed with either a single plas-
mid or a combination of two plasmids. Table S2 lists plasmid details
about all described complexes. For all purifications, 1 liter of the strain
carrying the desired plasmid(s) was grown in TB-medium at 37°C to an
OD(600nm) of 1.0 and the culture temperature was reduced to 22°C.
Expression was then induced with IPTG at a final concentration of 0.4
mM and allowed to proceed overnight (typically for 16 hours). All
Smc5/6 complexes and the Nse5/6 dimer were purified following a
published procedure described in detail in 2.

Cloning of yeast plasmids

Coding sequences for wildtype or mutant Smc6, Smc5, or Nse4 were
cloned between their respective endogenous upstream and down-
stream regulatory sequences by Golden Gate cloning into centromeric
acceptor plasmids pCEN(URA) or pCEN(TRP). N- or C-terminal tags
were added as indicated. For plasmids containing two loci, we com-
bined the individual cassettes by an additional Golden Gate Assembly
step. A list of all yeast plasmids used in this study can be found in Ta-
ble S3.

Creation of yeast strains

All strains in this study were created in the W303 background. Func-
tional assays to investigate mutants of Smc6, Smc5, and Nse4 were
carried out using plasmid shuffling *°. To generate suitable strains, we
first deleted the respective loci in a diploid strain then transformed the
resulting strain with a pCEN(URA) plasmid containing the wild-type lo-
cus. Sporulation of this strain allowed us to isolate haploid offspring
with the locus on the pCEN(URA) as the sole source for the respective
protein. For double shuffling strains, both loci were deleted in the dip-
loid and re-introduced on the pCEN(URA) plasmid. Haploid shuffling
strains were transformed with pCEN(TRP) plasmids containing either
wild-type or mutant version of the respective loci. A list of all yeast
strains used in this study can be found in Table S4.

Plasmid shuffling assays

Haploid shuffling strains containing the wild-type locus on pCEN(URA)
and another wild-type or mutant locus on pCEN(TRP) were grown on
plates lacking uracil and tryptophan. Single colonies were inoculated in
minimal medium lacking only tryptophan and grown for 18-24 hours at
30°C. Four 10-fold dilutions were then prepared in water, and 2 pl of
the 5 samples (undiluted culture and the 4 dilutions) were spotted on
one plate lacking uracil and tryptophan, and on another containing all
amino acids as well as 1 mg/ml 5-FOA (selecting for cells that had
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maintained or lost the pCEN(URA) plasmid, respectively). Plates were
incubated at 30°C and pictures were taken at suitable time points (be-
tween 36 h and 60 h) to score growth of strains containing mutant ver-
sions of the respective Smc5/6 components.

Site-specific BMOE crosslinking in vitro

Smc5/6 hexamers with or without indicated cysteines were diluted to a
final concentration of 0.5 uM in ATPase buffer (10 mM HEPES-KOH pH
7.5, 150 mM KOAc, 2 mM MgCl,, 20 % glycerol) in a total volume of 30
ul. In reactions containing the Nse5/6 dimer, this complex was added in
a 1.25 x molar excess (0.625 uM). For reactions containing ATP and/or
plasmid DNA (25 kbp), these ligands were added at a final concentration
of 2 mM and 5 nM, respectively. The circular or linear plasmid substrate
was produced as described in 2°. Protein and substrates were incubated
for 5 min at RT after mixing, and BMOE was then added at a final con-
centration of 1 mM. After 45 seconds of incubation, dithiothreitol (DTT)
was added at a final concentration of 10 mM to stop the reaction. For
post-XL treatment with benzonase, 1 pl of the concentrated enzyme
stock (750 U/ul) was added to the tube and incubated for 15 min at RT.
Samples were mixed with SDS gel-loading dye, heated to 80°C for 15
min, and then analysed on Novex WedgeWell 4-12 % Tris-Glycine Gels
or 3-8 % Tris-Acetate gels (Invitrogen). Tris-Glycine gels were run at 180
V for 1 hour at room temperature, Tris-Acetate gels were run at 4°C for
3 hours at 30 mA. Gels were fixed for 1-2 h in gel fixing solution (50 %
ethanol, 10 % acetic acid) and stained overnight using Coomassie stain-
ing solution (50 % methanol, 10 % acetic acid, 1 mg/ml Coomassie Bril-
liant Blue R-250). Gels were destained in destaining solution (50 %
methanol, 10 % acetic acid), and then rehydrated and stored in 5 % ace-
tic acid. Quantification of bands in scanned gel images was done using
Fiji 7.

Analysis of salt-stable DNA association

These assays were carried out as described in (Taschner et al 2021)
with modifications. 100 pl reactions in ATPase buffer (10 mM HEPES-
KOH pH 7.5, 150 mM KOAc, 2 mM MgCl,, 20 % glycerol) were set up
containing combinations of the following components at the indicated
concentrations: 600 nM of Smc5/6 hexameric complex (wildtype or mu-
tant), 900 nM of Nse5/6 complex, 2 mM nucleotide, and 3 pg plasmid
(pSG4418, 2.8 kbp). After incubation for 10 minutes at room tempera-
ture, 500 pl of ice-cold high-salt buffer (20 mM Tris pH 7.5, 1000 mM
NaCl) were added and the mixture was incubated with 20 pl of Strep-
Tactin Sepharose HP (GE Healthcare) for 45 minutes to pull out proteins
via a C-terminal TwinStrep tag on Smc6. Beads were harvested by cen-
trifugation (700g, 2 min) and washed twice with 1 ml of high salt buffer.
The bound material was then eluted with a buffer containing 20 mM Tris
pH 7.5, 250 mM NaCl, and 5 mM desthiobiotin. Aliquots of the eluate
were either supplemented with 6 x gel loading dye containing SDS
(Thermo Scientific), heated to 65° for 10 minutes, and analyzed by aga-
rose gel electrophoresis (1 % in 0.5 x TBE) to check the DNA content,
or with 2 x SDS-gel loading dye, heated to 95°C for 10 minutes, and
analyzed by SDS-PAGE to visualize eluted proteins.

Topological DNA binding assays

Analysis of topological DNA binding was performed following a protocol
described in “® with following modifications. For clear detection of ‘DNA
laddering’ a small plasmid (1800 bp, pSG6085) was used at a final con-
centration of 15 nM and incubated with indicated concentrations of pro-
teins in the presence or absence of 1 mM ATP. After incubation at RT
(for 2 minutes except in the case of the time course shown in Fig 2C),
BMOE was added to a final concentration of 1 mM. Crosslinking was
allowed to proceed for 30 seconds at RT and then stopped by the addi-
tion of 10 mM DTT. For post-XL treatment with 3C protease, 1 ul of a
stock of the home-made enzyme (concentration around 1 mg/ml) was
added to the tube and incubated for 20 minutes at RT. The samples
were supplemented with 6x loading dye with SDS (ThermoFisher) and
heated for 20 minutes at 70°C. 10 pl aliquots were separated on 1 %
agarose gels containing 0.03 % SDS and 1 ug/ml ethidium bromide.
Gels were run at RT for 3 hours at 5 V/cm.

Mini-chromosome entrapment assays

Entrapment of mini-chromosomes in vivo in budding yeast was per-
formed folliwng a procedure previously used for cohesin (Srinivasan,
Cell paper 20187?). Briefly, strains expressing a cross-linkable versions
(‘6C’) of cohesin or Smc5/6 and containing a TRP mini-chromosome
were grown together with control strains lacking one of the ring cysteines
(‘5C’) overnight in medium lacking tryptophane. When the cultures
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reached an OD(600nm) of around 0.5, 40 ml (20 ODs) of the cultures
were harvested by centrifugation (3000 rpm, 3 min), and the pellets were
washed once with 25 ml ice-cold PBS and subsequently transferred to
screw cap tubes. Pellets were then resuspended in 500 ml of ice-cold
PBS. 30 pl of a 150 yM BMOE solution in DMSO were added and cross-
linking was allowed to proceed for 6 minutes on ice. The cells were then
pelleted, the supernatant was discarded, and cell pellets were snap-fro-
zen in liquid nitrogen for storage at -80°C. For lysis, 700 pl of lysis buffer
(50 mM HEPES-KOH pH 7.5, 100 mM KClI, 0.05 % Triton X-100, 0.025
% NP-40, 10 mM Na-citrate, 25 mM Na-sulfite) freshly supplemented
with a cOmplete protease inhibitor tablet (Roche) and 1 mM PMSF were
added to the pellet together with acid-washed glass beads (425-600
um), and cells were opened using bead-beating with a FastPrep 24 sys-
tem (MPBio; 3 x 1 min with 5 minute breaks on ice). The lysate was
clarified by centrifugation at 14000 g for 10 min at 4°C, incubated with
mouse monoclonal anti-V5 antibody (BioRad) for 90 min at 4°C to bind
the C-terminal Pk6-epitope on Smc6, and complexes were then cap-
tured with DynaBeads Protein-G for another 90 min at 4°C. Beads were
washed twice with 1 ml of wash buffer (10 mM Tris-HCI pH 8.0, 250 mM
LiCl, 0.5 % NP-40, 0.5 % Na-deoxycholate, 1 mM EDTA) and once with
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1 ml of TE, and bound material was then eluted with 1x DNA loading dye
in TE supplemented with 1 % SDS and pre-heated to 65°C. The obtained
material was separated on a 0.8 % agarose gel (in 1 x TAE) overnight
at 4°C at 1.5 V/cm, and DNA was then transferred to Hybond-N+ mem-
branes by Southern Blotting using alkaline transfer. Mini-chromosomes
were detected with a probe against the TRP marker, which was labelled
with alpha-32P-ATP using the Prime-It I Random Primer Labelling Kit
(Agilent) according to the manufacturer’s instructions. Membranes were
exposed to a Phosphor Storage Screen (Fuijifilm) and signals were de-
tected with a Typhoon Scanner (Cytiva).

ATPase assays
Analysis of ATPase activity of selected Smc5/6 complexes were carried
out exactly as described in %,
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Figure S1: Schematics of Smc5/6 complex architecture. (A) Overall architecture of the hexameric Smc5/6 core complex and the Nse5/6 dimer
(adapted from 2°). For simplicity the Nse5/6 complex is shown separately with multiple arrows denoting various contact points with the core complex.
(B) Simplified schematics focusing only on changes in Smc5/6 dimer architecture during the ATPase cycle and upon binding to the Nse5/6 loader

and the DNA substrate.
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Figure S2: Analysis of Smc5/6 complexes harboring multiple engineered cysteines. (A) Cross-linking of Smc5/6 hexamers harboring multiple
engineered cysteines as indicated. Identification of covalently closed ring species and intermediary cross-linking products by protein gel analysis on
2 types of gels (left: 4-12 % gradient gel, right: 3-8 % gradient gel) for proper separation of small and large proteins and detection by Coomassie
staining. Note the presence of small amounts of ring species in two of the three control samples lacking one of the six cysteines (lanes 5 and 7),
indicating minor off-target cross-linking. (B) ATPase activity assays with selected hexameric Smc5/6 complexes relevant for this study. Combinations
of certain modifications lead to a reduction of ATPase activity. Error bars show standard deviations from technical triplicates (n=3). (C) Control
experiments for entrapment experiments shown in Fig 1 with preparations lacking a selected cysteine (5C). Note that low levels of co-entrapment
detected with two of the three 5C samples are likely explained by weak off-target cross-linking. (D) Under conditions promoting DNA entrapment the
ring species is visible in a protein gel in the presence of a linear (lane 1) but not a circular (lane 2) DNA substrate, presumably due to co-retention of
the ring species with circular DNA in the loading well (see scheme on the right). The ring species re-appears after digestion of the circular substrate
(lane 3). (E) Time-dependence of DNA entrapment in the SK ring (top panel) and the K compartment (bottom panel). Cross-linker was added to a
sample aliquot at the indicated time points.
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Figure S3: Schematic overview of assays used to examine the nature of Smc5/6 association with its DNA substrate. (A) In the topological
loading assay, a cross-linkable version of the Smc5/6 hexamer (‘6C’) is incubated with a small supercoiled (‘sc’) plasmid substrate in the absence or
presence of ATP and Nse5/6. Upon cross-linking with BMOE and protein denaturation (‘SDS’) only fully cross-linked rings that were topologically
associated with the substrate are retained, leading to a characteristic laddering pattern in agarose gels. (B) The salt-stable binding assay does not
involve cross-linking. Complexes are first incubated with the substrate under low-salt conditions before the salt concentration is increased to 1 M
NaCl by buffer changes. Smc5/6 complexes are immobilized on beads using a Twin-Strep tag on Smc6, and co-purified plasmid substrate is examined
on an agarose gel.
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Figure S6: Cross-linking of selected SMC/kleisin interfaces. Similar to Fig 3 (A) The Smc5/Nse4 interface is efficiently cross-linked and does not
detectably respond to the presence of ligands apart from weak off-target cross-linking between Smc5 and the loader subunit Nse5 [see (B)]. (B)
Control reaction for (A) with protein samples lacking the engineered cysteine in Nse4 confirming off-target cross-linking of Smc5(G1054C) to Nse5.
(C) Addition of the loader reduces abundance of the ring species due to gate opening. The pattern in the presence of ligands (ATP and plasmid DNA)
mirrors the one obtained with the Smc6/Nse4 interface (Fig 3), except when loader, ATP and plasmid are added, presumably due to co-retention of
ring species with circular DNA in the loading well (see scheme on the right). (D) As in Fig 3 but with Smc5 and Smc6 subunits carrying the signature
motif head-engagement mutation (‘SR’). (E) As in Fig 3 but with Smc5 and Smc6 subunits carrying the Walker B ATP hydrolysis mutation (‘EQ’). (F)
Fusion of Smc6 to Nse4 with the linker used in our in vitro assays is lethal in yeast. Plasmid shuffling assay as in fig S7F, but with a deletion mutant
for both smc6 and nse4. Adding back both wildtype genes separately, but not either of them alone or a fused version, restores viability. (G) Effect of
mutating the head DNA binding interfaces on Smc5 and/or Smc6 on formation of a closed SMC/Kleisin (SK) ring. (H) Effect of mutating the head
DNA binding interfaces on Smc5 and Smc6 on Smc6/Nse4 gate closure in the presence of the loader and various ligands.
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Figure S7: Identification of putative DNA binding residues on Smc6 and Smc5. (A) Model of ATP-engaged Smc6/Smc5 heads with the Nse4
N-terminus bound to the Smc6 neck. AlphaFold-Multimer models of Smc6/Nse4 and Smc5 were superimposed on their counterparts of the cohesin
complex (pdb 6276, see panel B). The DNA molecule from the cohesin cryo-EM structure contacts several putative DNA binding residues on Smc6
and Smc5. (B) Similar view on top of engaged heads in the cohesin cryo-EM structure (pdb 6Z2Z6) with DNA-interacting residues on Smc3 and Smc1
indicated. Note that the Scc2 molecule is not shown for simplicity. (C) Sequence alignment showing strong evolutionary conservation of examined
residues in Smc6. Smc5 residues show weaker conservation consistent with results of functional assays shown in Fig 4. (D) Positively charged
residues on the Smc5 head were mutated to alanine (‘A’) and the mutant alleles were tested for function by plasmid shuffling. As in Fig 4B but with
residues selected based on a recent cryo-EM structure of Smc5/6 (Yu et al, 2022). (E) As in (D) but for residues on the Smc6 head. (F) Positively

charged
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residues on Smc5 and Smc6 heads were mutated to alanines in combinations. As in Fig 4B and C.

Taschner and Gruber, 2022 (preprint)


https://doi.org/10.1101/2022.10.09.511515
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.09.511515; this version posted October 10, 2022. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

wildtype Nse4eopen Smc6-Nse4 fusion
(-3C)
Nse5/6 Nse5/6

Ay

gate can open,
access to S/K possible

ring always open

Topological DNA entrapment in Smc5/6

L.

gate can open,
access to S/K obstructed

Smc6-Nse4 fusion
(+3C)

gate can open,
access to S/K possible

B D (without Smc6-Nse4 fusion) --------------- ~
/ \
compartment
only 1 strand closed cross-linked
close gate f
in SIK
XL all interfaces (topological or . v v
entrapment)
> 3C-resistant @ v %
gjor
no entrapment for )
Y single/double-XLs
\ 1 strand Iost/ o
N .
- (with Smc6-Nse4 fusion) --------- 3
4 2 strands in “

‘SK-plus-linker’ compartment
(pseudo-topological;
no entrapment)

XL cysteines at
Smc6/Nse4

XL cysteines at
hinge + Smc5/Nse4

1 strand in
linker compartment
(topological
entrapment)
3C-sensitive

cysteines at
all ring interfaces

I = -
1 strand in
S/K compartment
(topological
entrapment)
3C-resistant
+ no entrapment for all
+ other XL-combinations
I\ 1 strand in
linker compartment
(topological 57
entrapment)
N 3C-sensitive L . S
>
&
C . D ¢ & E -+ hinge-fusion
= e + + Smc6-Nse4 fusion ST F ES Sexgateher
hi & &SP complex o |- STIC5/SMCE
H T3 T SmebisesPMOE T Esw e AP e
= mc! se - kDa
kb D B OE & Y
kb + + - + Smcb/Nsed] XL 6 + 3C-protease 555:
r 1T 1T 1T 1
3- recovered
- + - + - + - + 3C - A i -Smc6
3 15 plasmid (sc) 150- @ [She
2 100-
s )3 kD iy
| -— - - 2501~ - —(Smc6-Nsed)
15 3) Smcé 50-
GEED S - &S e 15010 L B 8 &8 | =8me5 ~ . | Nse4
- 100} i
1 3l o |Nset/2/3
75 —Nse5
50— —Nse6
—Nse4
Nse4(129-C)
35 %Nse1lee3
= 1-127

Figure S8: Entrapment assays involving Smc6-Nse4 fusion and BMOE cross-linking of interfaces. (A) Schematic representation of complexes
used for experiments in Fig 5 and fig S8D. The ‘Nse4°*™ complex has a split kleisin and thus has its SK ring permanently opened. The ‘Smc6-Nse4
fusion’ complex contains a peptide linker fusing the C-terminus of Smc6 with the N-terminus of Nse4. The linker contains a recognition site for the
HRYV 3C protease and can thus be opened by cleavage. (B) Schematic overview of entrapment in the absence and presence of the Smc6-Nse4
fusion. Without the fusion (top) during initial DNA segment capture the Smc6/Nse4 gate is opened by Nse5/6 (Smc5 and Smc6 arm distance is
exaggerated for clarity). Upon gate closure and ATP hydrolysis, one of the loop strands is lost after escape between the disengaged heads, and the
other strand becomes topologically entrapped in the SK ring. The green-filled area indicates the lumen of the ring compartment (SK) which is
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Topological DNA entrapment in Smc5/6

maintained even after protein denaturation due to cross-linking. (bottom) Scenarios for DNA entrapment by complexes with Smc6-Nse4 fusion (top
row, middle panel) in combination with different cysteine pairs for cross-linking (other panels). Top row, left panel: Upon cross-linking of Smc5/Smc6
and Smc5/Nse4 interfaces an SK-plus-linker joint compartment becomes denaturation-resistant (orange-filled area) leading to DNA loop entrapment
rather than DNA entrapment (detected in this assay). Top row, right panel: Cross-linking of only the Smc6/Nse4 interface leads to a denaturation-
resistant linker compartment (blue-filled area) that topologically entraps one of the two DNA strands. The SK compartment is also formed and entraps
the other DNA strand, but it is sensitive to denaturation (green-dashed area). Bottom row: Cross-linking of all three interfaces entraps one DNA strand
in a denaturation-resistant SK compartment (green-filled area) and another in the linker compartment (blue-filled area), only the latter of which can
be released by incubation with 3C protease. Incompletely cross-linked rings lacking the Smc5/Smc6 or Smc5/Nse4 cross-links (or both) entrap only
the DNA strand in the linker compartment (in square bracket). (C) As in Fig 5C but with cleavage of the linker prior to mixing of samples for DNA
entrapment. (D) Salt-stable DNA binding of Smc5/6 complexes with a split Nse4 protein (‘Nse4 open’) or linked Smc6 and Nse4 proteins (‘Smc6-
Nse4’ fusion protein). As in Fig 3D. Pre-treatment with 3C protease cleaves the fusion linker peptide but does not alter DNA binding. Asterisks denote
unspecific degradation products. (E) Insertion of a Spy-tag and Spy-Catcher into the Smc5 and Smc6 hinge-domains (see scheme on the left),
respectively, leads to permanent, covalent fusion of the hinge domains as shown in the protein gel on the right.
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