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In brief

Using electron-spin resonance
spectroscopy and cysteine crosslinking,
Vazquez Nunez et al. reveal intermediary
conformations of the bacterial Smc
complex. Smc arms partially open in the
absence of ligands, and Smc heads adopt
an ATP-pre-engaged state. Gradual
opening of the Smc arms may direct DNA
substrate binding.
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SUMMARY

Multi-subunit SMC ATPases control chromosome superstructure apparently by catalyzing a DNA-loop-
extrusion reaction. SMC proteins harbor an ABC-type ATPase “head” and a “hinge” dimerization domain
connected by a coiled coil “arm.” Two arms in a SMC dimer can co-align, thereby forming a rod-shaped
particle. Upon ATP binding, SMC heads engage, and arms are thought to separate. Here, we study the
shape of Bacillus subtilis Smc-ScpAB by electron-spin resonance spectroscopy. Arm separation is readily
detected proximal to the heads in the absence of ligands, and separation near the hinge largely depends on
ATP and DNA. Artificial blockage of arm opening eliminates DNA stimulation of ATP hydrolysis but does not
prevent basal ATPase activity. We report an arm contact as being important for controlling the transforma-
tions. Point mutations at this arm interface eliminated Smc function. We propose that partially open,
intermediary conformations provide directionality to SMC DNA translocation by (un)binding suitable DNA

substrates.

INTRODUCTION

SMC protein complexes are ancient enzymes with a unique ar-
chitecture that organize chromosomal DNA molecules, presum-
ably by catalyzing DNA loop extrusion (Yatskevich et al., 2019).
In eukaryotes, cohesin folds DNA into loop domains to regulate
gene expression and to direct DNA recombination (Ba et al.,
2020; Merkenschlager and Nora, 2016). By a distinct mecha-
nism, cohesin also holds sister chromatids together (Yatskevich
et al., 2019). In mitosis, condensin folds DNA into a series of
loops that are dynamically anchored along a chromatid axis,
thus supporting chromosome condensation and sister chro-
matid resolution (Earnshaw and Laemmli, 1983; Gibcus et al.,
2018; Marsden and Laemmli, 1979; Naumova et al., 2013). The
essential functions of another relative, the Smc5/6 complex,
are less well understood (Aragon, 2018).

In many bacteria, Smc-ScpAB complexes initiate a loop-
extrusion-type process at one or few selected starting points
that are defined by 16-bp parS DNA sequences. parS sites are
located in the replication origin region. They recruit the clamp-
like CTP-binding protein ParB (Jalal and Le, 2020; Osorio-Valer-
iano et al., 2019; Soh et al., 2019), which in turn promotes the
loading of Smc-ScpAB complexes onto the chromosome
(Gruber and Errington, 2009; Minnen et al., 2016; Sullivan
et al., 2009; Wilhelm et al., 2015). Bidirectional translocation of
Smc-ScpAB away from a parS site brings together the flanking
DNA sequences, thus co-aligning the left and the right arm of
the chromosome (Minnen et al., 2016; Tran et al., 2017; Wang
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et al.,, 2015, 2017). This translocation is thought to localize
DNA entanglements on the replicating chromosome (i.e. knots
and catenanes), facilitating chromosome individualization by
DNA topoisomerase (Burmann and Gruber, 2015; Gruber et al.,
2014; Orlandini et al., 2019; Wang et al., 2014).

Smc-ScpAB complexes translocate rapidly (~1 kb/sec) along
chromosomal DNA in vivo. In vitro, they support only limited ATP
hydrolysis activity (<1/sec), implying a large motor step size (~1
kb or ~600 nm) (Hirano and Hirano, 2006; Vazquez Nunez et al.,
2019; Wang et al., 2017, 2018). Several models for Smc translo-
cation have been proposed (Diebold-Durand et al., 2017; Hass-
ler et al., 2018; Marko et al., 2019; Terakawa et al., 2017). Smc
proteins are comprised of an ABC-type ATP-binding head
domain and a hinge domain connected at a distance by a long
antiparallel coiled coil arm. Hinge domains form homotypic inter-
actions in prokaryotic Smc complexes (Haering et al., 2002).
Smc dimers furthermore associate with a kleisin subunit, in bac-
teria named ScpA. By its amino- and carboxy-terminal domains,
ScpA bridges the head of one Smc protein with the head-prox-
imal arm of the other (Burmann et al., 2013). This generates
tripartite SMC-kleisin rings that entrap chromosomal DNA dou-
ble helices (Gligoris et al., 2014; Wilhelm et al., 2015). The kite
subunit ScpB also forms dimers that associate with the central
region of ScpA (Burmann et al., 2013; Yatskevich et al., 2019).

Smc arms contact one another. They co-align lengthwise,
thus collapsing the Smc-ScpAB complex into a rod-shaped
particle (Diebold-Durand et al., 2017; Minnen et al., 2016;
Soh et al., 2015). Eight distinct contacts are found between
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the two Smc arms, of which four involve amino-terminal
sequences (1N, 4N, 6N, and 8V; see Figure 2B) and the other
four carboxy-terminal sequences (2°, 3%, 5°, and 7°) (Die-
bold-Durand et al., 2017). In yeast condensin, corresponding
sequences are also found in juxtaposition (Lee et al., 2020)
(Figure S4D). In some SMC complexes (including MukBEF, co-
hesin, and condensin), the arms fold at an “elbow,” thus
bringing the hinge into proximity of the heads (Burmann
et al., 2019) . Such folding has not yet been observed for bac-
terial Smc, and its role is unclear.

Smc heads engage with one another by sandwiching two ATP
molecules using active site residues provided by both heads,
thereby forming the catalytic center for ATP hydrolysis (Hirano
et al., 2001; Hopfner, 2016; Lammens et al., 2004). ATP engage-
ment of Smc heads is thought to be incompatible with full arm
alignment (Diebold-Durand et al., 2017; Kamada et al., 2017;
Lammens et al., 2004; Muir et al., 2020), thus delineating two
mutually exclusive conformations, one with ATP-engaged heads
(O-shaped “open” conformation) and one with completely
aligned arms (I-shaped ‘“closed” conformation). In the open
conformation, ATP-engaged heads divide the lumen of the
SMC-kleisin ring into the S compartment that is encircled by
the long arms and the hinge and the K compartment that is en-
closed by ScpAB. The open conformation of Bacillus subtilis
(Bsu) Smc-ScpAB harbors two sites for DNA binding, namely,
a hinge/DNA interface and a head/DNA interface (Vazquez Nu-
nez et al., 2019). In the closed conformation, the Smc arms are
aligned. The S compartment is thus closed and separated from
the K compartment by juxtaposed Smc heads. Principally
consistent observations have recently been made by cryogenic
electron microscopy for other SMC complexes, whereas atomic
force microscopy (AFM) studies indicated much higher flexibility
in the SMC arms (see Discussion). SMC arm dynamics appear
crucial for DNA loop extrusion, but exactly how the different con-
formations bind to DNA and contribute to DNA translocation re-
mains to be elucidated.

Here, we studied the shape of the Bsu Smc-ScpAB by electron
paramagnetic resonance (EPR) spectroscopy. In addition to the
open and the closed conformation, we observed an intermediary
one with partially open S compartments. Separation of arms was
detected near the heads even in the absence of ligands. Opening
at the hinge, however, was found to largely depend on ATP and
DNA binding. We showed that partial opening of the S compart-
ment is sufficient to support ATP hydrolysis, but intriguingly,
DNA stimulation of the ATPase activity required complete open-
ing. This implies that an open S compartment is an integral part
of the normal ATP hydrolysis cycle. We identified one out of the
eight arm contacts as being particularly important for controlling
the dynamic Smc architecture. Mutating a single residue at this
4N contact interface eliminated Smc function, presumably by
preventing arm closure. The mutations caused a defect in chro-
mosome loading and DNA translocation. Altogether, our results
suggest that the S compartment opens by a graded transition
starting at the heads. Head-proximal arm contacts dissociate
relatively easily, whereas hinge-proximal contacts are more sta-
bly engaged. The 4" contact appears critical for controlling the
opening/closure reaction. It may provide directionality to the
DNA translocation motor.
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RESULTS

Conformations of Smc-ScpAB detected by EPR

Here, we aimed to characterize the conformational ensemble of
Smc-ScpAB by measuring arm-to-arm distances. Based on pub-
lished work, we expected the distances to be broadly distributed,
covering a spectrum of closed and open conformations. Such dy-
namic structures are difficult to investigate by high-resolution
techniques such as X-ray crystallography and electron micro-
scopy. Therefore, we used EPR-double electron-electron reso-
nance (DEER) that detects the coupling of electron spins over a
larger distance range (from 1.5 to 10 nm) and yields information
on distance distributions for a population of particles (Jeschke,
2012; Polyhach et al., 2012; Reginsson and Schiemann, 2011).
We labeled purified cysteine mutant Smc protein at one out of
four selected positions (D193C, E217C, R643C, and R718C)
with the methanethiosulfonate nitroxide spin label MTSL and re-
constituted holo-complexes by mixing with unmodified ScpA
and ScpB (Figure 1A). The EPR experiments were performed
with the cysteine-lite Smc®® protein (C119S, C437S, and
C8269) to minimize any off-target labeling. MTSL-labeling effi-
ciencies were around 90%, as calculated from continuous-
wave EPR spectra (Figure S1A). Of note, protein samples were
prepared in a deuterated environment to reduce electron spin
relaxation induced by proton nuclear spin diffusion (EI Mkami
and Norman, 2015). Deuterated buffers had only a minor impact
on protein function, as judged by near-normal ATPase activity
(Figure S1B). For most experiments, the Smc protein also
included the Walker B E1118Q (EQ) mutation that hinders the
ATP hydrolysis step. Protein preparations were pre-incubated
with or without ATP and linear 40-bp double-stranded DNA,
designated as dsDNA,q, flash-frozen in liquid nitrogen, and
measured at a temperature of 50 K.

Most distances measured across the hinge domain dimer in
Smc®3(R643C, E1118Q) were narrowly distributed, with a peak
at ~1.5 nm, which is at the lower edge of the sensitive range of
high-power Q-band DEER and well-fitting with available crystal
structures (Ca-Ca ~1.1 nm) (Figures 1A and 1B; Griese and Hopf-
ner, 2011; Haering et al., 2002; Kamada et al., 2017; Soh et al.,
2015). Aminor fraction with larger distances (~4-6 nm) was poten-
tially also noticeable (Figure 1B). Arm-to-arm distances near the
heads showed a clear bimodal distribution in the absence of ligand
(theapo state) (Figures 1B, S1C, S1E, and S1F). For Smc®S(D193C,
E1118Q) (at contact 1N), a population with narrowly distributed
short distances, represented about 55% of all distances. These
were centered at ~1.7 nm and displayed a good fit with the Smc
rod model built from crystal structures (Diebold-Durand et al.,
2017). The long-distance population showed a much broader dis-
tribution spanning from about 3.0 to at least 6.0 nm, indicating
separated Smc arms near the heads in a substantial proportion
of Smc complexes (Figure 1B). A similar pattern was observed
with Smc3S(E217C, E1118Q) (at contact 2°); a total of ~69% of
the dipolar couplings resided in a narrow short-distance popula-
tion centered at ~3.9 nm, whereas other distances ranged from
~6.0nmtomorethan 8.5 nm (Figure 1B). Again, the short-distance
population is in good agreement with the rod model (Diebold-Du-
rand et al., 2017). For the hinge-proximal arm position
Smc3S(R718C, E1118Q) (at contact 7°), 71% of the distances
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Figure 1. Distance distributions in Smc-ScpAB determined by electron spin resonance (EPR-DEER)

(A) Structural models of Smc dimers in the closed (top left panel), an intermediary (top right panel), and the open conformation (bottom panel). Models were built
with the help of available crystal structures (Diebold-Durand et al., 2017; Soh et al., 2015). Dashed lines indicate putative bending of the Smc arms. Concentric
circles indicate the positions of the cysteines used for MTSL labeling. Distances are maxima for sub-populations as observed by EPR.

(B) Probability distributions as measured by EPR-DEER with reconstituted Smc-ScpAB in the absence of ligands (apo). Schematics indicate the conformation for
sub-populations with estimated relative abundance given.

(C) Probability distributions of Smc-ScpAB measured in the presence of 1 mM ATP and 10 pM 40-bp double-stranded DNA (dsDNA,). Display as in (B).

See also Figure S1 and Table S2.
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accumulated in a population with short arm-to-arm distances
at ~1.5 nm. Similar to R643C, this number likely underestimates
the size of the population due to partial suppression of the dipolar
modulation at such short distances (Figure 1B). These measure-
ments imply that in the absence of ligands one or more conforma-
tions exist in addition to the closed rod structure. Smc arms
appeared separated near the heads (especially at contact 1" in
a larger fraction of complexes than near the hinge, implying the
presence of partially open, intermediary conformations (Figure 1A).
This is consistent with the pattern of arm cross-linking observed
in vivo, where the levels of cysteine cross-linking were somewhat
higher at contacts 8" and 6N than at contacts 3, 2V, and 1€ (Die-
bold-Durand et al., 2017).

The addition of ATP to Smc(E1118Q)-ScpAB did not change
the distribution between the short- and long-distance population
for S217C and R643C (Figure S1D). For D193C, the fraction of
long distances became slightly larger, indicating a trend toward
arm opening upon ATP binding. For S217C, the long distances
became somewhat shorter. The distance distribution at the hinge
(R643C) remained virtually unchanged also in the presence of ATP
and DNA (Figure 1D). Arm-to-arm distances, however, showed a
pronounced shift from the short-distance to the now predominant
long-distance population upon pre-incubation with ATP and DNA.
For example, close to the hinge (R718C) (at contact 7°), a broad
long-distance population ranging from about 2.0 to 7.0 nm repre-
sented about 70% of all measurable distances in the presence of
ATP and DNA (Figure 1C). The extent of shift to larger distances
varied slightly between the cysteine positions, possibly resulting
from uncertainty in quantifying short-distance (<0.5 nm) or long-
distance (>10 nm) populations or indicating that the cysteine res-
idues or their chemical labeling mildly affected the stability of the
conformations. Regardless, these results provided strong sup-
port for the notion that Smc arms separate from one another
upon ATP and DNA addition. The Smc arms are presumably fully
detached in a significant fraction of complexes when bound to
ATP and DNA. From the distance distribution at R718C, we esti-
mated that the arms are connected to the hinge at narrow angles
(0 to ~45°). More open angles—as seen in some crystal struc-
tures of Smc hinge fragments (~180°)—were however not
observed. The open conformation thus represents elongated,
oval-shaped particles. Of note, we obtained similar trends in the
absence of ScpAB and when using wild-type (WT) Smc instead
of Smc(E1118Q) proteins (Figures S1E and S1F), although arm
dissociation (at D193C) with ATP and DNA was less pronounced
with WT Smc than with Smc(E1118Q).

Altogether, we conclude from the EPR measurements that apo
Smc-ScpAB exists mainly in the closed conformation and in
smaller sub-populations of the open and very likely also of an
intermediary conformation. Upon ligand binding, the distribu-
tions shift toward larger arm-to-arm distances, generating a
sizeable fraction of open conformations. The broad range of
measured distances indicates that the arms are somewhat flex-
ible, at least when arm alignment is lost.

Partial arm opening is sufficient for ATP hydrolysis, but
DNA stimulation requires full opening

We next wondered whether intermediary conformations—as
observed by EPR-are able to support ATP hydrolysis or whether
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a fully open conformation is a prerequisite for ATP hydrolysis. To
test this, we blocked the S compartment opening by engineering
a covalent arm-to-arm junction at selected arm positions,
namely, at contacts 1V, 3¢, 4N, and 7° (Figure 2B). Stiff arms
would be expected to prevent ATP hydrolysis when conjoined,
whereas flexible arms would support normal ATP hydrolysis
even when conjoined. A reduction in the ATPase rate varying
with the position of the engineered arm-to-arm junction would
imply limited flexibility.

We again made use of site-directed chemical modification. We
cross-linked cysteine residues in purified preparations of Smc
with the thiol-reactive compound 1,3-propanediyl-bismethane-
thiosulfonate (M3M) to then reconstituted arm-linked holo-com-
plexes and measured their ATPase activity (Figure 2A). M3M
cross-linking is efficient as well as reversible, thus allowing the
engineered arm-to-arm connection to break to recover lost ac-
tivity. These experiments were performed with the cys-free
Smc®Y (C119S, C437S, C826S, and C1114V) protein (Fig-
ure 2C). However, comparable results were obtained with the
Smc®® variant (Figure S2A). Incubation of Smc®$V(D193C),
Smc®$Y(Q320C), Smc3SY(A715C), or Smc3SY(Y944C) with M3M
produced at least 70% to 85% of chemically cross-linked di-
mers, as judged by non-reducing SDS-PAGE analysis. An addi-
tion of up to 10 MM DTT was required to reverse the cross-linking
reaction (Figure 2C).

All cross-linked preparations yielded significant ATPase ac-
tivity regardless of the position of the engineered arm-to-arm
junction. Although a Cys-free control sample showed no
discernible effect of M3M treatment on ATP hydrolysis (Fig-
ure 2C), a substantial loss of ATPase activity was observed
with head-proximal cysteine residues (D193C at contact 1M
and Y944C at contact 3°). No such effect was seen for the
more distant positions (Q320C and A715C at contacts 4N and
7°, respectively). In all cases, normal ATPase activity was
restored by pre-incubation with a reducing agent. These results
strongly suggest that complete separation of Smc arms is not
required for productive head engagement and for ATP hydroly-
sis. Intermediary conformations may support ATP hydrolysis.
Cross-linking of Q320C (at contact 4") even increased the basal
ATPase rate (see below).

We found that the stimulation of the ATPase activity by addi-
tion of dsDNA,, was eliminated by M3M treatment regardless
of the position of the cysteine residue on the arm and regardless
of any dampening or stimulating effect of the arm-to-arm junc-
tion on ATP hydrolysis (Figure 2B). DNA stimulation was however
restored upon pre-incubation with a reducing agent. The stimu-
lation of the Smc ATPase by dsDNA,q thus depends on the sep-
aration of residues on opposite arms, which is consistent with
the idea that complete arm opening is required for DNA stimula-
tion. DNA binding at the hinge/DNA interface may boost ATP
hydrolysis by modifying the organization of the arms, as previ-
ously proposed (Soh et al., 2015). While strongly inhibiting
DNA-stimulated ATP hydrolysis activity (Figure 2D), the arm-to-
arm junction at Y944C did not substantially hinder DNA binding
by Smc-ScpAB (Figure S2B), suggesting that ATP hydrolysis is
uncoupled from DNA binding in the cross-linked material or
that DNA binding predominantly occurs at a site this is un-
coupled from the ATPase also in unmodified Smc-ScpAB.
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Figure 2. ATP hydrolysis by Smc-ScpAB with cross-linked
arms
\ (A) Schematic for the preparation of cross-linked protein for ATPase
/ measurements. Single cysteine Smc>SV proteins were purified and
\ incubated with M3M cross-linker. Excess of M3M and any protein
( aggregates were removed by gel filtration. Eluate fractions were mixed
{ A \ with stoichiometric amounts of purified ScpA and ScpB to reconstitute
/ \\ holo-complexes. ATPase activity was determined.

< /) (B) Positions of arm contacts and engineered cysteine residues in the
Bacillus subtilis (Bsu) Smc dimer in the closed conformation (Diebold-
B hinge Cc Smes SmeY(D193C) Durand et al., 2017). Amino-terminal sequences (Nt) are shown in light-
blue colors and carboxy-terminal sequences (Ct) in dark-blue colors.
Inter-subunit arm contacts are numbered 1 to 8 from the heads toward
the hinge. Superscripts (N or C) indicate the involvement of amino- or
carboxy-terminal sequences at the contact, respectively. Black circles
denote the positions of cysteine residues engineered for site-specific

crosslinking.
(C) ATP hydrolysis rates for preparations of Smc-ScpAB with cross-
linked arms. Top panels: bar graphs of ATP hydrolysis rates per Smc
protein measured with 1 mM ATP; 0.15 uM Smc-ScpAB complex in
the absence (black bars) and presence (blue bars) of 3 uM dsDNA4,.
XL-Smc Error bars correspond to the standard deviation calculated from three
technical replicates. Bottom panels: Coomassie-stained SDS-PAGE
Y944C gel of cross-linked Smc protein. DMSO, solvent only, M3M, cross-
linker only; DTT, cross-linker with subsequent treatment with reducing

D193C agent.

R P — - (D) ScpAB dependence of the ATP hydrolysis rates of cross-linked
Smc®8Y(D193C). Hydrolysis rates were measured at 0.15 uM protein
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Figure 3. Cross-linking of E295C at the 4V
arm contact enhances ATP hydrolysis

(A) Schematic of arm contacts in the Smc dimer in
closed and intermediary conformations. The posi-
tion of E295 is indicated as a black dot, and the 4N
arm contact is denoted by a red bracket. ATP
molecules are represented as purple dots.

(B) Structural organization of the 4N arm contact in
Bsu Smc (PDB: 5NNV) in cartoon representation.
Hydrogen bonds are indicated as dotted lines in
yellow colors.

(C) ATP hydrolysis rates and SDS-PAGE of cross-
linked Smc(E295C). Display as in Figure 2C.

® %0 Smc3sV(E295C) 2768 os/"DXL See also Figure S3 and Table S4.
z, [ E295 'g — XL-Smc

e

; Cross-linking of E295C may further

3 disrupt Smc rod alignment. Intriguingly,

Nt B we previously isolated point mutations at

B N - wae SMc the 4N arm contact (i.e. D280G, Q320R,

- DMSO  M3M M3M  DMSO M3M M3M or E323K) that suppressed the lethal

DTT

Altogether, these findings imply that the Smc ATPase can op-
erate in the following two modes: as a basal ATPase in a
partially open conformation and as a DNA-stimulated ATPase,
presumably with an open conformation. The separation of
head-proximal arms promotes ATP hydrolysis, whereas
hinge-proximal arms may remain juxtaposed during basal
ATP hydrolysis cycles. Interestingly, ScpAB becomes essential
for ATP hydrolysis when arms are conjoined at contact 1N
(D193C) (Figure 2D), suggesting that it helps to overcome con-
straints imposed by the engineered junction on the ATPase
heads. Of note, the fact that DNA is unable to stimulate ATP
hydrolysis in arm-locked complexes is consistent with the prior
observation that the hinge/DNA interface but not the head/DNA
interface is important for DNA stimulation of ATP hydrolysis
(Vazquez Nunez et al., 2019).

Stimulation of ATP hydrolysis by chemical modification
of Smc arms

During the above experiments, we noticed that another cysteine
variant, Smc®Y(E295C), showed aberrant enzyme kinetics. The
protein supported robust cysteine cross-linking (87.8% + 4.6%),
with the cross-linked protein preparation displaying a ~2.5-fold
higher ATPase activity (Figures 3C, S3A, and S3B). This increase
was reversed to normal levels by pre-incubation with a reducing
agent. The E295C mutation largely eliminated DNA stimulation of
the ATPase even without cross-linking. This finding confirmed
that robust ATP hydrolysis can be achieved when arms are cova-
lently conjoined (at contact 4") and suggests that Smc arms can
have a positive effect on ATP hydrolysis even when they are ar-
tificially linked together.

In the crystal structure (PDB: 5NNV), E295 residues form in-
ter-subunit hydrogen bonds with S294 residues (Figure 3B),
thus likely stabilizing the 4N arm contact (Diebold-Durand
et al., 2017). The lack of these hydrogen bonds in the E295C
mutant presumably interferes with normal arm alignment.
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phenotype of an arm-length-modified
Smc protein (Burmann et al., 2017), sup-
porting the notion that the 4N arm contact
is particularly important for controlling conformational transi-
tions during the ATP hydrolysis cycle.

DTT

A critical contact for arm alignment

To discern the physiological relevance of the 4N arm contact, we
next looked at the conservation of Smc arm sequences at this
interface. Residue G302 and neighboring residues are well
conserved in firmicute Smc proteins, whereas arm sequences
are otherwise relatively poorly conserved (Figure 4A). The glycine
residue is located directly at the interface (Figure 4B), separated
by two a-helical turns from E295. To test whether G302 is impor-
tant for Smc function, we generated 10 substitutions by allelic
replacement at the endogenous smc locus in Bsu (Figure 4C).
Remarkably, substitution to glutamate (GE), tryptophan (GW),
or phenylalanine (GF) prevented growth of Bsu on nutrient-rich
medium—similar to smc deletion mutants—despite the GE and
GW proteins being expressed at normal levels (Figure 4D). Three
other mutants (substitution to methionine [GM], glutamine [GQ)],
and lysine [GK]) were unable to support growth of a 4dparB
mutant on this growth medium, whereas the arginine mutant
(GR) only poorly supported growth of the double mutant (Fig-
ure S4A). Substitutions for residues with smaller side chains
(alanine, valine, and serine) had no discernible effects on growth.
Thus, residues with negatively charged or bulky sidechains at
position 302 hinder protein function, presumably by destabilizing
the 4N arm contact. To test this, we combined the G302 muta-
tions with a sensor cysteine for arm alignment (A715C, at contact
7°) and one for head juxtaposition (S152C). In these experi-
ments, we focused on two G302 mutants with a severe growth
defect and sidechains with distinct physicochemical properties
(GE and GW). The two mutations indeed reduced cysteine
cross-linking at both sites in vivo, with GW having rather mild
and GE quite dramatic effects (Figure 4E). The GW mutation
also strongly reduced the abundance of the closed conformation
(i.e., the short distance population), as measured by EPR with
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D193C in the absence and presence of ATP and DNA (Fig-
ure S4B; Table S2). We conclude that residue G302 and the 4"
arm contact are important for co-aligning arms in the closed
conformation.

Defective chromosome loading of 4" arm contact
mutants

We next determined the chromosomal distribution of Smc(GE)
and Smc(GW) proteins by chromatin immunoprecipitation
(ChlIP) by using a-ScpB and «-Smc antisera. Both mutants had
close to normal enrichment at the parS-359 site but very low
enrichment at the dnaA locus, as determined by ChIP-gPCR
(Figure 4F). These mutants thus appear to target normally to
parS but then fail to load onto DNA or to translocate along
DNA (Minnen et al., 2016). Consistent with this notion, we found
that their E1118Q variants showed elevated levels of enrichment
at parS, which were similar or even higher than the otherwise WT
Smc(E1118Q) protein. Formation of the 4N arm contact may thus
be required for the loading reaction or for the release of Smc pro-
tein from ParB/parS loading sites. Notably, a putative ParB/Smc
interface has been mapped onto the Smc arm in the vicinity of
the 3 and 4N arm contacts (Minnen et al., 2016).

We found that the GW and the GE mutations alleviated the
requirement for ScpA in targeting of the Smc(E1118Q) protein
to a parS site (Figure 4G). ScpA may thus contribute to over-
coming constraints imposed by the aligned Smc arms to facili-
tate the transition to the open conformation for parS targeting
(Minnen et al., 2016). The G302 mutations likely alleviate these
constraints and eliminate the requirement for ScpAB. The integ-
rity of the 4" arm contact is subsequently required for the closure
of the S compartment and the clearance of Smc-ScpAB from
ParB/parS. Purified preparations of Smc(G302W) and to a
weaker extent also Smc(G302E) displayed increased ATP hydro-
lysis activity, which was curiously hindered rather than enhanced
by the addition of ScpAB and DNA (Figure S4C). These point mu-
tations in the Smc arms thus lead to mis-regulation of the ATPase
by DNA.

Intermediary conformations in vivo
We next focused on the organization of Smc heads in vivo by
inferring their conformations from patterns of cross-linking ob-
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tained with Smc(K1151C). The K1151C residue was previously
engineered to detect the ATP-engaged state (Ca-Ca distance:
11.6 A) by bismaleimidoethane (BMOE) cross-linking (Minnen
et al., 2016). Here, we made use of bis-maleimide cross-linkers
with longer spacers—which supported robust cross-linking in
intact Bsu cells—to detect alternative conformations (Figure 5A).
We observed that cross-linking of Smc(K1151C)-HaloTag was
much more efficient with 1,11-bismaleimido-triethyleneglycol
(BM3; 17.8 A) and bis-MAL-dPEG11 (BM'"; 62.3 A) than with
BMOE (8 A) or 1,8-bismaleimido-diethyleneglycol (BM?; 14.7 A)
(Figures 5A and S5A) (Minnen et al., 2016). The Walker A ATP-
binding mutant Smc(K37I) also showed an upward trend in
cross-linking with extending spacer length, but the cross-linking
efficiencies did not reach levels comparable to those of WT Smc
(Figure 5A). The Smc(E1118Q) protein displayed roughly
equivalent cross-linking efficiencies regardless of spacer length
(Figures 5A and S5A). Finally, a clear downward trend in cross-
linking with increasing spacer length was observed when the
E1118Q mutation was combined with three different Smc arm
alterations (Figure 5B). For example, the Smc(204Q/996Q,
E1118Q) protein—harboring a 13-amino acid peptide insertion
in each arm—showed most efficient cross-linking with BMOE
and decreasing efficiencies with increasing spacer length (Die-
bold-Durand et al., 2017). A similar trend was observed with an
artificially shortened “mini”-Smc(E1118Q) protein (Burmann
et al., 2017) and with Smc(GE, E1118Q) (Figure 5B). This down-
ward trend in cross-linking was expected for the ATP-engaged
state because the K1151C residues are closely juxtaposed and
thus ideally positioned for cross-linking by the smallest com-
pound BMOE (Minnen et al., 2016).

We conclude that in addition to two previously known states
(disengaged and ATP-engaged) (Figure 1A), Smc heads also
occur in a third, hitherto uncharacterized state. We envision
that in this “ATP-pre-engaged” state, active site residues from
both heads are aligned (thus supporting efficient K1151C
cross-linking by BM® and BM™"), but the closure of the catalytic
pocket remains incomplete due to a persisting gap between the
signature motif residues from one head and the ribonucleotide
bound to the opposing head (thus reducing K1151C cross-link-
ing by BMOE). Taking all in vivo cross-linking data into account
(Figures 5A and 5B), we estimated the occupancy of the different

Figure 4. Residue G302 at the 4™ arm contact is essential for Smc function

(A) Alignment of 4N arm contact sequences from selected firmicute species (Gst, Geobacillus stearothermophilus; Spn, Streptococcus pneumoniae; Sau,
Staphylococcus aureus). Residues G302 is indicated.

(B) The position of residue G302 at the 4" arm contact (PDB: 5NNV). Left panel: schematic of arm contact zones as in Figure 2B; right panel: structural view of the
4N arm contact from Bsu Smc in cartoon representation in front and side views. Colors as in Figure 3B. G302 is shown in red colors.

(C) Colony formation by Bsu strains with single-amino acid substitution in G302. 9%-fold and 9°-fold dilutions of stationary-phase cultures were spotted on
nutrient-rich medium (ONA) and nutrient-poor minimal glucose-glutamate medium (SMG) and grown at 37°C for 16 and 24 h, respectively.

(D) Smc protein levels in mutants G302E (GE) and G302W (GW) grown in SMG medium determined by immunoblotting with polyclonal antibodies raised against
Bsu Smc protein. Coomassie staining (CBB) of cell extracts on separate gels is shown as control for uniform protein extraction.

(E) Quantification of cross-linked species of Smc*S-HaloTag (C119S, C437S, C826S, and C1114S) harboring G302 mutations (labeled with TMR-HaloTag ligand).
Cysteine pairs were introduced at reporter positions S152 (left panels) and A715 (right panels). Cross-linking efficiencies were calculated by in-gel fluorescence
quantification of band intensities of non-crosslinked (Smc-HT) and crosslinked (Smc-HT XL) species. Efficiencies were compared between wild-type (WT), the
ABC signature motif mutant S1090R (SR), the ATP-binding mutant K371 (Kl), and G302W (GW) and G302E (GE) mutants. Dots represent data points from three
biological replicates. Mean and standard deviations are indicated as boxes and bars, respectively.

(F) Chromatin immunoprecipitation coupled to quantitative PCR (ChIP-gPCR) in Bsu cells by using a-Smc antiserum. Selected loci near the replication origin and
at the terminus regions were analyzed. Dots represent data points from one out of two biological replicates. Mean values are indicated as bars.

(G) ChIP-gPCR by using a-Smc antiserum. As in (F) for strains carrying the E1118Q (EQ) mutation and lacking or having scpA.

See also Figure S4.
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states in WT Smc. Assuming a 100% occupancy of the ATP-en-
gaged state in Smc(204Q/996Q, E1118Q) (Figure 5B) and of the
disengaged state in the ATP-binding mutant Smc(K37I) (Fig-
ure 5A), we suggest that WT Smc-ScpAB complexes rarely
populated the ATP-engaged state and distributed roughly
equally between the other states (Figure 5A). In Smc(E1118Q),
about a one-fourth of complexes appear to be ATP-engaged,
suggesting that head engagement is an inefficient and stepwise
process in vivo, unless arm integrity is affected.

Of note, although ScpA is crucial for forming the ATP-engaged
state in Smc(E1118Q), the requirement for ScpA was (partially)
alleviated in the GW and GE variants (Figure S5E) (Minnen
et al., 2016). As mentioned above, ScpA was dispensable for
the targeting of the GE and GW Smc(E1118Q) proteins to parS
sites (Figure 4G), which is consistent with the notion that ScpAB
helps to disrupt arm co-alignment to facilitate head engagement
and parS targeting. This is in excellent agreement with the
efficient and ScpA-independent parS targeting of a hinge dimer-
ization mutant of Smc(EQ), which also displays mis-aligned Smc
arms and increased levels of head engagement (Minnen et al.,
2016).

Finally, we wanted to establish whether the ATP-pre-
engaged state—detected by BM® and BM'" cross-linking of
Smc(K1151C)—corresponded to the closed, the open, or the
intermediary conformation. Using a combination of cysteine
residues, we found that arm cross-linking with Q320C (at con-
tact 4") appeared to occur largely independently of K1151C
cross-linking, implying that the 4N arm contact is mostly
engaged when heads are cross-linked at K1151C (Figure 6A).
The efficient BM® cross-linking of ATP-pre-engaged heads (in
otherwise WT Smc) thus must have occurred on a (largely)
closed conformation, implying that the closed conformation
exists in a disengaged and an ATP-pre-engaged state
(Figure 6B).

DISCUSSION

Elucidating the mechanism underlying DNA loop extrusion re-
quires an understanding of the conformational transitions in
SMC complexes during the ATP hydrolysis cycle, as well as
the concomitant DNA binding and unbinding events. Here, we
provide structural insights into three separate conformations
and the corresponding state of the ATPase. The conformational
dynamics appears largely governed by a limited rigidity of the
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head-proximal Smc arms and by a finite stability of arm contacts.
Although the architecture appears dynamic, principles of organi-
zation can be deduced.

The conformational landscape of SMC complexes
Cryoelectron microscopy (cryo-EM) recently helped to reveal the
molecular architecture of SMC-kleisin complexes (in apo and
ATP-engaged states) from eukaryotes (Collier et al., 2020; Higa-
shi et al., 2020; Lee et al., 2020; Shi et al., 2020). EPR is ideally
suited to close remaining gaps by providing information on the
distributions of flexible and dynamic conformations (Jeschke,
2018; Kazmier et al., 2014; Vercellino et al., 2017).

The closed conformation

Independent lines of evidence point to the prevalence and
conservation of a closed conformation in SMC complexes. It is
predominant in reconstituted Smc-ScpAB, as judged by EPR
(Figure 1), and in living Bsu cells according to site-specific
cross-linking experiments (Diebold-Durand et al., 2017). lts
main characteristic features are disengaged heads and
completely aligned arms. Point mutations that hinder arm align-
ment eliminate Smc function in Bsu, implying that the closed
conformation is critically important (Figure 4). Yeast condensin
was found by cryo-EM as an elongated particle with “non-
engaged” heads and completely aligned arms (Lee et al,
2020), presumably corresponding to the Smc-ScpAB rod, albeit
displaying folded Smc2 and Smc4 arms (see below). Intriguingly,
the Smc2 and Smc4 arms in apo condensin are most closely
juxtaposed at the region that corresponds to the 4N arm contact
in Smc-ScpAB, which is consistent with the idea that this contact
has retained its special function in yeast condensin, and possibly
other SMC complexes too (Figure S4D).

The condensin arms bend ~180° at an elbow, allowing the
hinge to fold back and contact the middle of the Smc2 arm
(Lee et al., 2020). This feature has not been observed for
Smc-ScpAB and may have evolved in eukaryotic SMC pro-
teins (and independently also in MukBEF) (Burmann et al.,
2019). The function of arm folding and of the hinge/arm contact
is not well understood. It is conceivable that the folding may be
relevant to the process of stepwise opening and closing of the
S compartment, possibly stabilizing half-open states and thus
providing additional levels of control. Of note, the closed
conformation is rare in AFM images of yeast condensin and
Bsu Smc-ScpAB, unless the material is cross-linked prior to

Figure 5. Smc head cross-linking in vivo

(A) Top panel: chemical structures of bis-maleimido crosslinkers with variable spacer arms (BMOE, bismaleimidoethane; BM?, 1,8-bismaleimido-dieth-
yleneglycol; BM®, 1,11-bismaleimido-triethyleneglycol; BM'", bis-MAL-dPEG11). Bottom panels: quantification of cross-linked species of Smc*® harboring the
K1151C cysteine pair reporter by using different crosslinkers. Crosslinking efficiencies were calculated as described for Figure 4E and compared between WT
(left panel), K371 (middle panel), and EQ (right panel) variants. Error bars were calculated as standard deviation from three biological replicates. The values and
schematics shown below the graphs indicate the approximately estimated relative abundance of different conformations, based on assumed abundances for the
K371 mutant and the Smc(2040/996¢, EQ) protein (B).

(B) Smc(K1151C) crosslinking in strains harboring arm modifications. G302E (GE) (left panel), unstructured peptide insertions 204Q/996Q (middle panel) (Diebold-
Durand et al., 2017), and mini-Smc CC298 (Burmann et al., 2017) (right panel). Representation and quantification as in (A).

(C) Structural models of different ATPase states. Model for the disengaged state (1) as described in Diebold-Durand et al. (2017). The ATP-engaged state (3) is
based on a crystal structure (PDB: 5XG3). The ATP-pre-engaged state (2) is manually built to aligning ABC motifs without opening the arms. Individual
subunits are colored in light or dark blue colors, respectively. D193 and K1151 inter-subunit Ca-Ca distances are shown as a reference for the different
conformations.

See also Figure S5.
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sample deposition (Fuentes-Perez et al., 2012; Ryu et al,,
2019; Yoshimura et al., 2002). We suspect that the nonspecific
adsorption of samples onto the AFM mica may affect SMC rod
folding dynamics.

The open conformation

The open conformation of Smc-ScpAB has previously been in-
ferred indirectly from crystal structures of isolated ATP-engaged
heads and supported by low-resolution images obtained by ro-
tary shadowing electron microscopy and by loss of cysteine
cross-linking (Anderson et al., 2002; Diebold-Durand et al.,
2017; Kamada et al., 2017; Lammens et al., 2004). In this study,
we provide direct evidence for the existence of the open confor-
mation. We characterize its shape and show that it represents an

DNA-stimulated ATPase

ATP-engaged

+
+

arms in vivo. Left panel: schematics of Smc-ScpAB in
closed conformations with disengaged or ATP-pre-
engaged heads. Cysteine reporters Q320C and
K1151C are indicated as dots in black and gray
colors, respectively. Right panel: quantification of
single and double cross-linking efficiencies in Smc*S-
HaloTag with Q320C and/or K1151C. The gray
arrowhead denotes the species cross-linked only at
Q320C; black denotes species only cross-linked
at K1151C, and blue denotes species cross-linked at
Q320C and K1151C. Individual data points are shown
as white circles from two biological replicates.
Average values are shown as bars (same color coding
as for arrowheads). Data are also shown in Figure S6.
(B) Model of the conformational landscapes and multi-
step opening of Smc-ScpAB. Two alternative path-
ways are present in the basal ATPase. Route 1:
spontaneous separation of the juxtaposed heads
leads to an intermediary conformation with constraint
arms, which is then stabilized by ATP binding and
head engagement. Route 2: ATP binding in the closed
conformation generates ATP-pre-engaged heads,
which are constrained by the arms. Partial arm
opening and head engagement result in the interme-
diary conformation. Optional: full opening of the arms
produces the DNA-stimulated ATPase.

See also Figure S6.
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integral part of the DNA-stimulated ATP hy-
drolysis cycle. Smc dimers that are unable
to completely open the S compartment re-
tained the ability to hydrolyze ATP but lost
the stimulation upon DNA addition. Hinge/
DNA binding may open the arms at the hinge
as previously proposed (Soh et al., 2015),
thus facilitating the transition to ATP-
engaged heads and supporting efficient
ATP hydrolysis.

Intermediary conformations

Here, we have expanded our knowledge on

the conformational landscape of Smc-ScpAB

by detecting and characterizing intermediary

conformations using three complementary
approaches (EPR, ATPase measurements, and cysteine cross-
linking) (Figures 1, 2, and 5). Altogether, our data suggest that
Smc heads and the head-proximal arms undergo dynamic struc-
tural changes.

Patterns of cross-linking demonstrate that the Smc heads can
adopt at least three different states in vivo, here denoted as
disengaged, ATP-pre-engaged, and ATP-engaged state (Fig-
ure 6B). The ATP-engaged state occurs in the open and the inter-
mediary conformation. We propose that in the ATP-pre-engaged
state, the active site residues from both heads are aligned by
ATP but the arms remain (largely or completely) aligned. The
heads may transition gradually from the disengaged, by the
ATP-pre-engaged to the ATP-engaged state. Both steps might
be impeded by arm alignment.
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Artificially engineered arm junctions reduce—but do not
block—ATP hydrolysis (Figures 2 and 3). The ATP-engaged
state—presumably a prerequisite for ATP hydrolysis—is thus
compatible with partial opening of arms. Whether such basal
ATPase cycles are futile or contributing to DNA translocation
remains to be established. The fact that the essential head/
DNA interfaces is exposed in the intermediary conformation
(while the non-essential hinge/DNA interface is likely inacces-
sible) is consistent with the notion that this state is functionally
relevant (Figure 6B; Vazquez Nunez et al., 2019).

Cryo-EM structures of DNA-bound cohesin in the ATP-
engaged state show a partially open conformation with sepa-
rated head-proximal arms (Collier et al., 2020; Higashi et al.,
2020; Shi et al., 2020). Most of the more distal arm sequences
are less well resolved—probably due to structural flexibility —
but appear to remain aligned (and elbow folded) (Collier et al.,
2020; Higashi et al., 2020). Whether conformations with
completely dissociated arms are present in cohesin (and con-
densin) is not fully established, but rotary-shadowing electron
micrographs would be consistent with this notion (Anderson
et al., 2002). Upon arm dissociation, the arms either remain
folded at the elbow, thus producing B-shaped structures as in-
ferred from AFM images of condensin (Eeftens et al., 2016), or
they unfold at the elbow to generate O-shaped complexes (as
seen by EM and similar to the open conformation of Smc-
ScpAB).

The intermediary conformations of Smc-ScpAB are structur-
ally not well defined, probably due to significant flexibility in the
head-proximal arms. In condensin, however, a well-defined
partially open state was detected by cryo-EM. This apo bridged
conformation of yeast condensin showed partial separation of
arms and heads (Lee et al., 2020). The separated heads are
however bridged—and likely stabilized—by one of two hawk
subunits, which are specific to condensin and cohesin. Our
observations, together with the recent cryo-EM structures, indi-
cate that intermediary conformations (with partially opened
arms) are widely conserved in SMC complexes.

The DNA translocation cycle
It is tempting to speculate that the intermediary conformations
control the process of compartment opening and closure and
direct the binding and unbinding of suitable DNA substrates,
thus driving directional DNA translocation. Here, we propose
that one of the eight arm contacts acts as a molecular switch
for arm opening in response to initial DNA contact (Figure 6B).
Chromosomal DNA is entrapped in the K compartment of the
closed conformation, as determined by site-specific crosslinking
in Bsu Smc-ScpAB (Vazquez Nunez et al., 2019), and in yeast
cohesin (Chapard et al., 2019). The open conformation holds
two DNA binding interfaces in the S compartment, of which the
head/DNA interface—but not the hinge/DNA interface—is
essential for Smc function and critical for Smc DNA translocation
(Hirano and Hirano, 2006; Vazquez Nunez et al., 2019). These
observations suggest that DNA is transiently occupying the S
compartment. How DNA enters and exits the S compartment
is a crucial open question.

The loop-capture model proposes that DNA is inserted as a
loop on top of the heads and upon ATP hydrolysis exits the S
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compartment by transfer to the K compartment between the
heads (Diebold-Durand et al., 2017; Marko et al., 2019). Alterna-
tively, the DNA enters the S compartment by transfer between
the heads, as recently proposed for yeast cohesin (Collier
et al., 2020). How the latter may lead to DNA translocation and
DNA loop extrusion is however unclear. Unilateral and gradual
opening of the arms—as described in this study—is likely
directly relevant to this key substrate selection process. Future
experiments will have to establish how the conformations
(open, closed, and intermediary) of SMC complexes associate
with chromosomal DNA double helices to promote DNA loop
extrusion.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-Smc polyclonal rabbit antibody, affinity purified Gruber Lab COD008

Chemicals, peptides, and recombinant proteins

Adenosine Triphosphate (ATP)

Jena Bioscience

Cat#987-65-5

Bis(malemido)ethane (BMOE) Thermo Scientific Cat#22323
Breathe-Easy Diversified Biotech Cat#BEM-1

Bsal New England Biolabs Cat#R0559L
Deuterium Oxide Sigma-Aldrich Cat#435767-100G
Dynabeads Protein-G Life Technologies Cat#10004D
Erythromycin AppliChem Cat#A2275,0005
Ethylene glycol-d6 Sigma-Aldrich Cat#530549
GlycolBlue Ambion Cat#AM9515
HaloTag-TMR Ligand Promega Cat#G8251

HiTrap Blue HP Cytiva Cat#17041301
HiTrap Butyl HP Cytiva Cat#28411005
HiTrap Q HP Cytiva Cat#17115401
HiTrap Heparin HP Cytiva Cat#17040701
HiLoad 16/60 S75 Cytiva Cat#28-9893-33
HiLoad 16/60 S200 pg Cytiva Cat#28989335
Lysozyme From Chicken Egg White Sigma-Aldrich Cat#L6876-5G
Lincomycin Hydrochloride Hydrate Sigma-Aldrich Cat#31727-250MG
MTSL Santa Cruz Cat#sc-208677
Nicotinamide Adenine Dinucleotide (NADH) Santa Cruz Cat#205762A
NuPAGE LDS Sample Buffer (4X) Life Technologies Cat#NP0008
Phosphoenolpyruvic Acid (PEP) Sigma-Aldrich Cat#P7002-100MG
Phusion HotStart || DNA Polymerase Thermo Scientific Cat#F-549L
Protease Inhibitor Cocktail Sigma-Aldrich Cat#P8849-5ML
Pyruvate Kinase/Lactate Dehydrogenase Sigma-Aldrich Cat#P0294-5ML
Ready-Lyse Lysozyme Solution Epicenter Cat#R1802M
RNase A Sigma-Aldrich Cat#R5125

Sm DNase MPIB Core Facility SmDNase
Superose 6 increase 10/300 Cytiva Cat#29091596
Superose 6 pg XK 16/70 Cytiva Cat#90100042
TEMPOL Sigma-Aldrich Cat#581500-500MG
Tris(2-carboxyethyl) Phosphine Hydrochloride Solution (TCEP) Sigma-Aldrich Cat#646547

T4 DNA Ligase Thermo Scientific Cat#EL0016
Critical commercial assays

MasterBlock 96 well, 2 mL Greiner Bio One Cat#780270
Takyon SYBR 2xMasterMix Blue dTTP No ROX Eurogentec Cat#UF-NSMT-B0701
Novex 4-12% Tris-Glycine Mini Gels Life Technologies Cat#XP04125BOX
NuPAGE 3-8% Tris-Acetate Gels Life Technologies Cat#EA03755BOX
QIAquick PCR Purification Kit QIAGEN Cat#28106

Zeba Spin Desalting Column, 7K MWCO, 0.5 mL Thermo Scientific Cat#89882

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Original data Mendeley Data https://doi.org/10.17632/2g37f3mvbb.1
Experimental models: Organisms/strains

E. coli and B. subtilis strains, see Table S5 Gruber Lab N/A
Oligonucleotides

parS-359 Fw for gPCR Gruber Lab N/A
AAAAAGTGATTGCGGAGCAG

parS-359 Rv for gPCR Gruber Lab N/A
AGAACCGCATCTTTCACAGG

dnaA Fw for gPCR Gruber Lab N/A
GATCAATCGGGGAAAGTGTG

dnaA Rv for gPCR Gruber Lab N/A
GTAGGGCCTGTGGATTTGTG

yocGH Fw for gPCR Gruber Lab N/A
TCCATATCCTCGCTCCTACG

yocGH Rv for gPCR Gruber Lab N/A
ATTCTGCTGATGTGCAATGG

40 bp random sequence DNA A Gruber Lab N/A
TTAGTTGTTCGTAGTGCTCGTCTGGCTCTGGATTACCCGC

40 bp random sequence DNA B Gruber Lab N/A

GCGGGTAATCCAGAGCCAGACGAGCACTACGAACAACTAA
Recombinant DNA

Plasmid DNA, see Table S6 Gruber Lab N/A

Software and algorithms

Real Time PCR Miner Zhao and Fernald, 2005 http://ewindup.info/miner/

GraphPad Prism 8 GraphPad Software https://www.graphpad.com:443/
ImageQuant TL 1D V8.1 GE Healthcare https://www.cytivalifesciences.com/en/

us/shop/protein-analysis/molecular-
imaging-for-proteins/imaging-software/
imagequant-tl-8-1-p-00110
MATLAB 2018a MathWorks https://www.mathworks.com
DeerAnalysis package EPR-ETHZ https://www.epr.ethz.ch/software/index

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Stephan
Gruber (stephan.gruber@unil.ch).

Materials availability
All unique reagents generated in this study are available from the Lead Contact without restrictions.

Data and code availability

Original raw and source data used for generating figures in this paper are available at Mendeley Data (https://doi.org/10.17632/
2g37f3mvbb.1).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacillus subtilis strains and growth

Bsu strains used in this work are derived from the 1A700 isolate. Genotypes and strain numbers are listed in Table S5. Strain usage is
detailed in Table S1. Naturally competent Bsu cells were transformed as in Diebold-Durand et al. (2017) including a longer starvation
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incubation time (2 hours) for high efficiency. The transformants were selected on SMG-agar plates with appropriate antibiotics and
single-colonies were isolated. The strains were confirmed by PCR and Sanger sequencing as required. For dilution spot assays, cells
were grown for 8 hours at 37°C in SMG medium and then were diluted to 81 and 59 000-fold. Afterward, dilutions were spotted onto
ONA (16 h incubation) or SMG (24 h incubation) agar plates at 37°C (Vazquez Nunez et al., 2019).

Protein purification

Full-length Bsu Smc

Native Smc proteins were purified following the procedure described in Burmann et al. (2017). E. coli BL21-Gold (DE3) strain was
transformed with pET-22 or pET-28 derived plasmids containing the smc recombinant sequences. Proteins were expressed using
ZYM-5052 autoinduction medium for 23 h at 24°C. Cells were resuspended in lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl,
1mMEDTA, 1 mM DTT, 10% (w/v) sucrose) supplemented with protease inhibitor cocktail (PIC) and sonicated. The lysate was centri-
fuged, the supernatant was filtered with a 0.45 uM pore size membrane and then loaded onto two HiTrap Blue HP 5 mL columns
connected in series and eluted with lysis buffer containing 1 M NaCl. The main peak elution fractions where diluted in salt-less buffer
(50 mM Tris-HCI pH 7.5, 1 mM EDTA, 1 mM DTT) to a conductivity equivalent of 50 mM NaCl (=8 mS/cm). The diluted sample was
supplemented with PIC and loaded on a HiTrap Heparin HP 5 mL column. Elution was performed by applying a linear gradient of
buffer up to 2 M NaCl. The main peak fractions (aprox. 5 mL) were collected and further purified by gel filtration on a XK 16/70
Superose 6 PG column in 50 mM Tris-HCI pH 7.5, 200 mM NaCl, 1 mM EDTA, 1 mM TCEP. Main peak fractions where collected,
concentrated with a Vivaspin 15 10K MWCO filter, flash frozen with liquid nitrogen and stored at —80°C. Protein concentration
was calculated by absorbance using theoretical molar absorption and molecular weight values.

ScpA

Native ScpA was purified following the procedure reported in Vazquez Nunez et al. (2019). The protein was expressed using E. coli
BL21-Gold (DE3) transformed with a pET-28 derived plasmid containing ScpA coding sequence. Cells were cultivated in ZYM-5052
autoinduction medium at 16°C for 28 h, harvested and resuspended in lysis buffer (50 mM Tris-HCI pH 7.5, 200 mM NaCl, 5%
glycerol) supplemented with PIC. After sonication and centrifugation, the supernatant was applied to a 5 mL HiTrapQ ion exchange
column and eluted with a gradient up to 2 M NaCl. The peak fractions were mixed with 4 M NaCl buffer to reach a final concentration
of 3 M NaCl. The sample was injected into a HiTrap Butyl HP column and eluted in a reverse gradient to 50 mM NaCl. Peak fractions
were pooled and concentrated to 5 mL in Vivaspin 15 10K MWCO filters and subsequently purified by gel filtration in a Hi Load 16/600
Superdex 75 pg column, equilibrated in 20 mM Tris-HCI pH 7.5, 200 mM NaCl. Protein was concentrated, aliquoted, flash frozen and
stored at —80°C.

ScpB

Native ScpB was purified using the procedure described in Vazquez Nunez et al. (2019). A pET-22 derived plasmid with the coding
sequence of ScpB was transformed in chemically competent E. coli cells. Cells were cultivated | ZYM-5052 autoinduction medium at
24°C for 23 h. Cells were harvested and resuspended in lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT)
supplemented with PIC. After sonication and centrifugation, the supernatant was diluted to 50 mM NaCl, loaded onto a 5 mL HiTrap Q
HP column and eluted with a gradient to 2 M NaCl. The sample was diluted in lysis buffer with 4 M NaCl buffer in order to reach a final
concentration of 3 M NaCl. The sample was applied on two 5 mL HiTrap Butyl column connected in series. Protein was eluted with a
reverse gradient to 50 mM NaCl. A second run on the 5 mL HiTrap Q HP column in the same conditions as described above was
necessary in some cases when the sample still showed 260/280 ratios close to 1. The peak fractions were concentrated and further
purified by SEC using a Hi Load 16/600 Superdex 200 pg equilibrated in 50 mM Tris-HCI pH 7.5, 100 mM NaCl, 1 mM DTT. The frac-
tions containing the protein were concentrated, aliquoted, flash frozen and stored at —80°C.

METHOD DETAILS

ATPase assay

ATPase activity measurements were done using the coupled reaction of pyruvate kinase/lactate dehydrogenase (Burmann et al.,
2017). ADP production was monitored for 1 h by oxidation of NADH absorbance changes at 340 nm. The values were collected using
a Synergy Neo Hybrid Multi-Mode Microplate reader. The reaction mixture consisted in 1 mM NADH, 3 mM Phosphoenol pyruvic
acid, 100 U Pyruvate kinase, 20 U Lactate dehydrogenase and the appropriate ATP concentrations. Double-stranded oligonucleo-
tides (40 bp (5-TTAGTTGTTC GTAGTGCTCG TCTGGCTCTG GATTACCCGCQC)) were added for measurements that required it to a
final concentration of 3 uM, unless indicated differently. The final protein concentration in the assay was 0.15 uM Smc dimers in
ATPase assay buffer (50 mM HEPES-KOH pH 7.5, 50 mM NaCl, 2 mM MgCI2). Measurements were carried out at 25°C.

M3M crosslinking-ATPase assay

For this assay, a fresh full-length Smc purification (as described above) was done for each experiment. The last SEC purification step,
however, was done in 50 mM Tris-HCI pH 7.5, 200 mM NaCl in order to remove any trace of reducing agents. The peak fractions were
concentrated to ~35 uM Smc dimer in a Vivaspin 15 10K MWCO filters. The crosslinked reaction was carried on by mixing 10-fold
thiol molar excess of M3M (diluted in DMSO). A typical reaction was done in 500 pL with 30 uM Smc dimers and 600 uM M3M in
50 mM Tris-HCI pH 7.5, 200 mM NaCl at 4°C overnight, protected from light. The final concentration sometimes differed slightly,
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depending on the purification yield of the single cysteine mutant, but the M3M:thiol ratio was always maintained. A negative control
was always included by mixing the same amount of protein with an equivalent volume of DMSO as in the experimental M3M reaction.

After crosslinking the sample was centrifuged to remove big aggregates and the excess of crosslinker was removed with a Zeba
spin 7K MWCO 0.5 mL desalting column, preequilibrated with 50 mM Tris-HCI pH 7.5, 200 mM NaCl. An additional gel filtration pu-
rification was done to remove small aggregates and traces of crosslinker in a Superose 6 increase 10/300 column equilibrated in
50 mM Tris-HCI pH 7.5, 200 mM NaCl. Afterward, the fractions at the maximum of the peak were recovered. The concentration
of the protein was typically ~4 uM Smc dimer. The sample was mixed with ScpA and ScpB and the ATPase assay was performed
as described above. 10 mM DTT final concentration was added for the samples that required it.

Fluorescence anisotropy measurements

Fluorescence anisotropy was measured using a 40 bp dsDNA (as described in ATPase assay) modified at the 3’ end with fluorescein.
Measurements were recorded using a Synergy Neo Hybrid Multi-Mode Microplate reader (BioTek) with the appropriate filters in black
96-well flat bottom plates at 25°C. Buffer conditions were 50 mM Tris-HCI pH 7.5, 50 mM NaCl, 2 mM MgCl, 50 nM dsDNA and 1 mM
ATP for all measurements. Anisotropy measurements where exported from the BioTek Synergy Neo software and subsequently fit to
a binding polynomial using non-linear regression in GraphPad Prism 8 (Vazquez Nunez et al., 2019)

Double electron-electron resonance (EPR-DEER)

Smc®C, ScpA and ScpB purifications were performed as described above, except for the last gel filtration step of Smc purification
which was performed in absence of reducing agent. In order to avoid premature thiol oxidation, the sample was mixed with 10-fold
molar excess of MTSL per thiol, immediately after the last purification step. The reaction volume was 500 pL and consisted in ~40 uM
Smc dimer and 800 pM MTSL in 50 mM Tris-HCI pH 7.5 at 4°C and 200 mM NaCl. The reaction was incubated over-night at 4°C
protected from light. After the incubation, the sample was centrifuged to remove big aggregates and the MTSL excess was removed
using a Zeba Spin desalting column, 7K MWCO, 0.5 mL. Afterward the sample was further purified by gel filtration in a Superose 6 10/
300 increase, equilibrated with 50 mM Tris-HCI pH 7.5 at 4°C, 200 mM NaCl and 90% deuterium oxide (heavy water). The sample was
concentrated to ~20 uM Smc dimer and the label efficiency was determined by calculating the double integral of the continuous
wave (CW) EPR spectrum. Room temperature CW EPR measurements were done at X band (~9.7 GHz) using a commercial
X-band Magnettech MiniScope MS 400. Spectra were taken at 13 dB attenuation, corresponding to 5 mW incident microwave power
and 0.15 mT magnetic field modulation amplitude. Samples were placed into 1 mm o.d. glass capillaries. Spin labeling efficiency for
all mutants was estimated by comparing double integrals of EPR signals from the Smc mutants and the concentration standard
(200 uM water solution of TEMPOL).

Samples were flash frozen and stored at —80°C until use. Before measurement, the protein samples (Smc, ScpA and ScpB) were
thawed and centrifuged to remove big aggregates. The final concentration per condition were: 5 uM SmcScpAB, 10 uM dsDNA 40 bp
and 1 mM ATP in 50 mM Tris-HCI pH 7.5 at 4°C, 50 mM NaCl, 2 mM MgCl,, 40% Ethylene glycol-d6 (as cryoprotectant) and 90%
deuterium oxide. Samples were incubated 5 minutes in 1.5 mL centrifuge tubes at 25°C with gentile (700 rpm) shaking. Distance mea-
surements were performed at Q-band frequencies (~34.4 GHz) using a standard double electron-electron resonance (DEER)
sequence (Pannier et al., 2000). DEER traces were acquired at 50 K. A commercial X/Q-band Elexsys E580 spectrometer (Bruker)
power-upgraded to 200 W equipped with the homebuilt TE102 rectangular resonator was used (Polyhach et al., 2012). The protein
solution ready for measurement was filled into the 3 mm o.d. quartz tubes, shock-frozen by immersion into liquid nitrogen and in-
serted into the pre-cooled resonator. All observer pulses were 16 ns long, the pump pulse was 12 ns long, the pump frequency
was set at the global maximum of the nitroxide EPR spectrum and the observer frequency was set 100 MHz lower.

In vivo cross-linking

Bsu cultures in 200 mL SMG were grown to exponential phase (ODggg = 0.02) at 37°C. Cells were collected by filtration harvesting and
washed in cold PBS + 0.1% (v/v) glycerol (‘PBSG’). A biomass equivalent to 0.85 OD units was sorted. Cells samples were centri-
fuged 2 min at 10,000 g, resuspended in fresh PBSG (200 uL). The cross-linking reaction was started by adding 0.5 mM BMOE
and it was incubated for 10 min on ice. The reaction was quenched by the addition of 1.4 mM 2-mercaptoethanol. Cells were centri-
fuged and resuspended in 30 pL of lysis mix (75 U/mL ReadyLyse Lysozyme, 750 U/mL Sm DNase, 5 uM HaloTag TMR Substrate and
protease inhibitor cocktail ‘PIC’ in PBSG). Lysis reaction was incubated at 37°C for 30 min. Afterward, the material was mixed with
10 pL of 4X LDS-PAGE buffer, samples were incubated for 5 min at 95°C and resolved by SDS-PAGE. Gels were imaged on an Amer-
sham Typhoon scanner with Cy3 DIGE filter setup.

Chromatin immunoprecipitation

The procedure followed the one described in Vazquez Nunez et al. (2019). Bsu strains were cultured in 200 mL SMG medium from
OD600 = 0.004 initial OD to OD600 = 0.02 at 37°C. Cells were crosslinked with 20 mL of buffer F (50 mM Tris-HCI pH 7.4, 100 mM
NaCl, 0.5 mM EGTA pH 8.0, 1 mM EDTA pH 8.0, 10% (w/v) formaldehyde) and incubated for 30 min at room temperature with
occasional manual shaking. Cells were harvested by filtration and washed in PBS at 4°C. The cell biomass equivalent to 2 ODggg units
was resuspended in 1 mL TSEMS (50 mM Tris pH 7.4, 50 mM NaCl, 10 mM EDTA pH 8.0, 0.5 M sucrose and protease inhibitor
cocktail) containing 6 mg/mL lysozyme from chicken egg white. Primary lysis was done at 37°C for 30 min with shaking at
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1400 rpm. Protoplasts were washed twice and resuspended in 1 mL TSEMS. The sample then was split into 3 aliquots and pelleted.
Pellets were flash frozen and stored at —80°C until used.

Each pellet was thawed and resuspended in 2 mL buffer L (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8.0, 1% (v/v)
Triton X-100, 0.1% (w/v) Na-deoxycholate) containing 0.1 mg/mL RNase A and PIC. The suspension was sonicated during 1 minin 3
cycles of 20 s and 40% amplitude at 4°C using a MS73 probe. The sonicated material was centrifuged at 4°C and 20,000 x g and
200 pL of the supernatant were collected as input reference. The immunoprecipitation was carried out by mixing 750 pL of the extract
with 50 pL of Dynabeads Protein-G suspension freshly charged with 50 uL «-ScpB antiserum and incubated for 2 h on a wheel at 4°C.
Beads were washed with 1 mL each of buffer L, buffer L5 (buffer L containing 500 mM NacCl), buffer W (10 mM Tris-HCI pH 8.0,
250 mM LiCl, 0.5% (v/v) NP-40, 0.5% (w/v) Na-Deoxycholate, 1 mM EDTA pH 8.0) and buffer TE (10 mM Tris-HCI pH 8.0, 1 mM
EDTA pH 8.0). All wash steps were done at 25°C during 5 min shaking (1400 rpm). Beads were resuspended in 520 uL buffer TES
(50 mM Tris-HCI pH 8.0, 10 mM EDTA pH 8.0, 1% (w/v) SDS). The reference sample was mixed with, 300 uL buffer TES and
20 pL 10% SDS. Formaldehyde cross-links were reversed over-night at 65°C with vigorous shaking.

For phenol/chloroform DNA extraction, samples were cooled to room temperature, mixed with 500 uL phenol equilibrated with
buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA), emulsified and centrifuged for 10 min at 20,000 x g. Subsequently, 450 puL of the su-
pernatant was emulsified with 450 pL chloroform and centrifuged for 10 min at 20,000 x g. DNA precipitation was done by taking
400 pL of the supernatant and mixing with 1.2 uL GlycoBlue, 40 uL of 3 M Na-Acetate pH 5.2 and 1 mL ethanol and incubated for
20 min at —20°C. Samples were centrifuged at room temperature and 20,000 x g for 10 min, and the precipitate was dissolved in
100 plL buffer PB (QIAGEN) for 10 min at 55°C, purified with a PCR puirification kit, and eluted in 50 uL buffer EB.

For gPCR, samples were diluted in DNase-free water (1:10 for IP and 1:1000 for input) and 10 L reactions (5 puL Takyon SYBR
MasterMix, 1 pL of 3 uM primer mix, 4 pL sample) were run in duplicates in a Rotor-Gene Q machine (QIAGEN) using the appropriate
primer pairs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of cross-linking efficiencies

TMR fluorescence or Coomassie stained bands were quantified using ImageQuant TL 1D V8.1. Lanes were defined manually. Bands
were detected automatically, and the band intensities corrected for background signal using the Rolling Ball algorithm with a ball
radius set to 129. Values from three replicate experiments were exported to Microsoft Excel for calculation of average fractions
and standard deviation.

Steady-state kinetics

The absorbance values were exported and fit to a straight-line equation in GraphPad prism 8. The slope values were transformed to
rate values using the molar absorption coefficient of NADH. The rates were expressed into absolute values by correcting for the pro-
tein concentration. When an ATP titration was done, the rates were fit using non-linear regression to the Hill equation:

Vimax [ATP]"
Kh, + [ATP)"

Where V.. is the maximal rate at a given protein concentration, [ATP] is the variable ATP concentration, K, 5 is the semi-saturation
concentration and h is the Hill coefficient.
Fit parameters obtained from the average of duplicates summarized in Table S4.

DEER traces analysis

Experimental DEER traces were processed with the open-source DeerAnalysis package (Jeschke et al., 2006), available at
https://www.epr.ethz.ch/software/index. For background correction, a homogeneous distribution of spins in 3D space was assumed
in all cases. Distance distributions for all mutants were calculated using double Gaussian model, whereas preliminary (calibrating)
analysis for one of the mutants (D193) was performed model-free with the Tikhonov regularization.

Analysis of qPCR Data
The threshold cycle (TC) was obtained by analyzing the fluorescence raw data in the Real-Time PCR Miner server (http://ewindup.
info/miner/; Zhao and Fernald, 2005).

IP/input ratios were calculated as o 2ACT, where ACT = CT (Input) - CT and a is a constant determined by extraction volumes and
sample dilutions. Data are presented as the mean of duplicates.
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