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ABSTRACT Structural maintenance of chromosome (SMC) complexes form ring-like structures through exceptional elon-
gated coiled-coils (CCs). Recent studies found that variable CC conformations, including open and collapsed forms, which might
result from discontinuities in the CC, facilitate the diverse functions of SMCs in DNA organization. However, a detailed descrip-
tion of the SMC CC architecture is still missing. Here, we study the structural composition and mechanical properties of SMC
proteins with optical tweezers unfolding experiments using the isolated Psm3 CC as a model system. We find a comparatively
unstable protein with three unzipping intermediates, which we could directly assign to CC features by crosslinking experiments
and state-of-the-art prediction software. Particularly, the CC elbow is shown to be a flexible, potentially non-structured feature,
which divides the CC into sections, induces a pairing shift from one CC strand to the other and could facilitate large-scale confor-
mational changes, most likely via thermal fluctuations of the flanking CC sections. A replacement of the elbow amino acids hin-
ders folding of the consecutive CC region and frequently leads to non-native misalignments, revealing the elbow as a guide for
proper folding. Additional in vivo manipulation of the elbow flexibility resulted in impaired cohesin complexes, which directly link
the sensitive CC architecture to the biological function of cohesin.
SIGNIFICANCE The detailed understanding of the molecular mechanisms of SMC complexes is important to identify the
origin of chromosomal defects. The coiled-coil (CC) domains were recently found to undergo large-scale conformational
changes, which enable diverse functions of these proteins. However, detailed structural information of the CCs is still
elusive due to their high flexibility. By measuring mechanical responses, we identified thermodynamically relevant features
in the CC that structure the CC in segments. One of these features, the elbow, additionally ensures proper alignment of
flanking CC sections and can be viewed as a folding guide. Furthermore, in vivo manipulation of the elbow resulted in
impaired complex function, showing the relevance of the CC features for SMC mechanics.
INTRODUCTION

Structural maintenance of chromosome (SMC) complexes
are essential for the organization and regulation of chromo-
somes. They comprise a conserved architecture consisting
of two SMC subunits forming a heterodimer bridged by a
flexible kleisin unit (1) (Fig. 1 A). This tripartite ring is
able to entrap DNA and form loops, leading to DNA
compaction, chromosome segregation, and gene regulation
(2). Each SMC protein consist of long anti-parallel coiled-
coils (CCs), flanked by a hetero-dimerization domain
(hinge) and an ATP-binding domain (head) at opposing
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ends (3). Recently, electron microscopy (EM) and imaging
atomic force microscopy (AFM) studies have revealed that
SMC complexes can adopt a wide range of shapes, ranging
from open circles (O shaped) to collapsed (B shaped) or
half-collapsed conformations (4–6). This started a discus-
sion as to whether these conformational changes are relevant
for the loop extrusion mechanism.

Single-molecule studies on the conformation of the SMC
complex cohesin during DNA binding have shown that co-
hesin can bypass small obstacles bound to DNA, but not ob-
stacles larger than 20 nm (7,8). This is surprising as the
cohesin ring has a diameter of up to 50 nm (9). In addition,
cohesin can be pushed by even smaller motors, such as T7
RNA polymerase or FtsK, while being topologically or
pseudo-topologically bound to DNA (7,8). These findings
suggest that collapsed conformations are preferred over
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FIGURE 1 Measuring the thermodynamic stability profile of Psm3 CCs with optical tweezers. (A) Cartoon representation of the unfolding experiments: a

large single-peptide stretch of the anti-parallel CC (D245-T505 and G658-K908) was attached to DNA handles and tethered between optically trapped beads

for manipulation. (B) A force-extension curve of the WT construct shows a typical unfolding (red curve) and refolding trace (gray curve) containing tran-

sitions over the three obligatory intermediates (I1, I2, and I3) to the unfolded protein (U). Asterisks indicate the minimal and maximal distances used for

passive mode measurements (see C). (C) Passive mode force versus time traces recorded at constant trap distances, demonstrating transition kinetics and

the rarely populated, non-productive states I2* and I3*. Color code as in (B). With increased tether tension the protein populates higher energetic states.

The minimal extension (single asterisk) corresponds to an average applied force of 2.9 pN, the maximal extension (double asterisk) corresponds to an average

force of 4.1 pN. (D) Global energy fit over the force-dependent state probabilities. Error bars indicate standard deviations and result from bootstrapping of the

corresponding passive mode trace (see section ‘‘materials and methods’’). Color code as in (B). (E) Interpolated energy landscape consolidating contour

lengths and energies of the folding states. The energy barriers are taken from force-dependent transition kinetics (Fig. S3), n ¼ 5 molecules, error bars indi-

cate standard deviations. (F) Folding network for the WT construct showing a zipper-like unfolding pattern with two non-productive misfolded states. (G)

Identification of structural features from folding intermediates, containing the unfolded ends, the stutter, the elbow, and a possible feature located at the third

intermediate (Fig. S1). To see this figure in color, go online.
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fully circular ones, as also confirmed by recent cryogenic
electron microscopy (cryo-EM) structures of holo com-
plexes (10–12). However, a dynamic transition between O
and B shapes is likely and was reported for condensin
(4,6) and cohesin (13) in recent high-speed AFM studies.
Hence, SMC CC domains have to undergo large-scale
conformational changes to allow this transition.

Canonical CCs follow a heptad repeat pattern (abcdefg)n,
where ‘‘a’’ and ‘‘d’’ denote hydrophobic amino acids that pro-
mote pairing of the CC strands by constructing a hydrophobic
core (14). CC prediction software (15,16) can be used to
analyze this repeat pattern and create CC propensity profiles
to identify deviations. It was found that all tested SMC pro-
teins exhibit discontinuities in their CC domains (5,17),
which provide flexibility and could enable large-scale confor-
mational changes. Crystallography studies together with
crosslink data identified two general discontinuities for bac-
terial and eukaryotic SMC proteins (5,18), which were
named ‘‘joint’’ (17,19) and ‘‘elbow’’(5). The joint is located
near the SMC heads and increases local CC flexibility
2 Biophysical Journal 121, 1–12, December 6, 2022
(11,20,21), while the elbow functions as a turning point,
where the CCs are able to bend and fold back onto them-
selves. Therefore, the complex folding of the CCs is able to
mediate novel interactions between the hinge and head do-
mains, inspiring different loop extrusion models (13,22,23).
Besides the identification of the features, little is known about
the mechanical properties of SMCCCs, which would provide
more detailed information about the capabilities of the SMC
complexes in DNA organization.

Optical tweezers allow the study of protein folding fea-
tures with high temporal and spatial resolution on a single-
molecule basis. A precise CC unzipping pattern reveals the
internal CC construction and the position of certain folding
features, which appear as unfolding intermediates during
protein stretching (24–26). Additionally, folding kinetics
can be used to obtain the stability profile along the CC
(27). For example, optical tweezers revealed that the CCs
of vimentin contain several CC sections with varying sta-
bility (28). Therefore, an unfolding study of SMC CCs
could pinpoint structurally and thermodynamically relevant
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features based on the protein unfolding pattern and specify
the stability of found CC sections.

Here, we study the structural composition and mechanical
properties of SMC proteins with optical tweezers unfolding
experiments using the non-canonical Psm3 CC as a model
system. We find a relatively unstable protein compared
with other CCs. We show that the selected CC region un-
folds through three obligatory intermediates: a stutter, the
SMC elbow, and a not-predicted feature at the hinge-prox-
imal site, and is divided by these features into four sections.
Misalignments of the wild-type (WT) CC strands are rarely
observed. However, replacing the elbow induces frequently
appearing metastable and non-productive misfoldings,
which highlights the elbow as a proper guide for further
CC alignment. Furthermore, in vivo experiments using
changes in cell volume as an indicator for impaired cohesin
complexes revealed the elbow flexibility as crucial for cohe-
sin’s biological function.
MATERIALS AND METHODS

All reagents were purchased from New England Biolabs (NEB, Ipswich,

MA), Merck (Darmstadt, Germany), or Thermo Fisher Scientific (Waltham,

MA) unless otherwise stated.
Protein expression and sample preparation

A pET28a-based plasmid containing the CC construct was transformed in

Rosetta (DE3). Cells were grown at 37�C to optical density 600

(OD600) ¼ 0.4–0.6. The expression was induced by 0.4 mM IPTG and car-

ried out at 18�C overnight. Harvested cells were resuspended in lysis buffer

(25 mM Tris-HCl pH 7.5, 500 mM NaCl, 10 mM imidazole) supplemented

with 1 mM PMSF and 0.1 mg/mL lysozyme, sonicated, and centrifuged.

The supernatant was loaded onto a HisTrap FF-columns (GE Healthcare,

Chicago, IL), washed with 10 CV lysis buffer, and eluted in lysis buffer

containing 200 mM imidazole. Pooled fractions were gel filtrated using a

Sephacryl S300 (GE Healthcare) or Superdex S200 (GE Healthcare) col-

umn. Eluted proteins were equilibrated in measuring buffer (25 mM Tris-

HCl pH 7.5, 150 mM NaCl) for ybbR-tagged proteins or in measuring

buffer at pH 7.2 for proteins with terminal cysteines.

From 5 to 15 mM proteins containing terminal ybbR-tags (WT, DEB,

DEBN, DEBC) were coupled with 30-coenzyme A (CoA)-oligos (Bio-

mers, Ulm, Germany) in 2 molar excess with twofold excess of Sfp

(made in-house, plasmids were kindly provided by Prof. H.E. Gaub,

LMU Munich) and 10 mM MgCl2 for 120 min at room temperature

and reduced with 0.5 mM TCEP for 30 min before purifying with a

size-exclusion column (Superdex S200 or Yarra 3000; Phenomex,

Torrance, CA). The TR construct containing terminal cysteines (10–20

mM) was reduced with 0.5 mM TCEP 30 min before coupling to 30-mal-

eimide-oligos (Biomers, Ulm, Germany) in at least 2.5-fold molar

excess. After 120 min at room temperature or an overnight reaction at

4�C, the mix was loaded onto the size-exclusion column. Fractions con-

taining the protein coupled to two oligos were identified as described in

(29) by SDS-PAGE stained first with SYBR Gold and afterward with

SimplyBlue (Fig. S2).

DNA handles containing a dual-biotin or dual-digoxigenin modification

and the single-stranded DNA (ssDNA) overhang were produced by PCR

(30) and suitable ratios of handles to protein-DNA-chimeras were deter-

mined as reported earlier (31). Streptavidin-coated and anti-digoxigenin-

coated silica beads were functionalized from carboxyl-functionalized

1-mm beads (Bangs Laboratories, Fischers, IN) as reported previously
(32). Handles and protein-DNA chimeras were incubated with anti-digox-

igenin beads and mixed with streptavidin beads in a passivated

custom-made chamber, as described previously (33). Measurements were

performed in measuring buffer containing the glucose oxidase oxygen scav-

enging system (0.65% w/v glucose, 13 U/mL glucose oxidase, and 8500 U/

mL catalase).
Cysteine-based crosslinking of CCs

BMOE-crosslinks were made analogous to (34). The proteins (5 mM) were

reduced for 60 min on ice, then BMOE (20 mM stock solution in DMSO)

was added 1:20 and the reaction was quenched with excess of b-mercaptoe-

thanol. Additionally, proteins were labeled with a fluorescent CoA-LD555

dye (Lumidyne, New York, NY, custom synthesis) according to the above-

stated coupling procedure using the CoA-dye instead of CoA-oligo.
Prediction software and replacement of the elbow
feature

Discontinuities in the Psm3 heptad pattern were identified using CC predic-

tion software (15,16). The amino acids of the N-terminal Psm3 CC (F385-

W394) were replaced with the amino acid sequence QMQRINSEISD for

the corresponding DEB mutants. Additionally, the heptad repeat of the C-ter-

minal CC was continued by deletion of P780 for Psm3 for the DEB mutants.

In addition, the CC propensity profile was generated with DeepCoil (35).

N-terminal CC and C-terminal CC were analyzed separately due to length

limitations of DeepCoil. The AlphaFold model was derived from the

AlphaFold Protein Structure Database (36,37). Models for the WT elbow re-

gion and the DEB elbow region were generated using ColabFold with I337-

I406 and N824–L760 of Psm3 linked by GGSGGSGGSGGS for the WT

construct and the same amino acid sequence with the above-described muta-

tions for the DEB construct (36,38–41). Illustrations were made with Chi-

meraX (42).
Strain construction, microscopy, and cell volume
measurements

For the Smc3 CC, the replacement mutations were designed analogously to

the Psm3 mutations. The N-terminal section (F393-W402) was replaced

with QMQRINSEISD and the replacement of Q791, E792, and F793 on

the C-terminal CC to threonine continued the Smc3 heptad repeat pattern.

The single mutations only contained the respective DEB mutants.

All yeast strains used in this work are based on W303 and were con-

structed using standard methods. Full genotypes are listed in the Supporting

Materials (Table S3). The DNA used to transform each strain was obtained

by PCR amplification of plasmids listed in the Supporting Materials

(Table S4). The PCR product was then integrated into the SMC3 endoge-

nous locus. All plasmids carry the C terminus of (mutated or WT) SMC3

with the CglaTRP1marker. The correctness of the mutated SMC3 sequence

was confirmed by Sanger sequencing.

Cell cultures (4 mL) were grown at 30�C in synthetic complete medium

containing 2% glucose (SCD) for exactly 24 h. The OD600 (measured with

the Thermo Fisher Scientific, NanoDrop 2000 spectrophotometer) was

maintained below 1.0 through appropriate dilutions during culture growth.

Cell volume distributions were measured with a Coulter counter (Beckman

Coulter, Brea, CA, Z2 Particle Counter). The measurements are based on at

least four independent biological replicates. Each biological replicate con-

sisted of two technical replicates. We note that, to reproduce our results, it is

important to measure cell volume after 24 h of growth in SCD. This is

because we noticed that the size distribution of the strains carrying the sin-

gle N-terminal mutation shifted toward WT-like distribution when keeping

the cells in exponential growth (OD< 1.0) for longer than 24 h. To exclude

an artifact due to contamination, we re-plated cultures after 72 h of growth
Biophysical Journal 121, 1–12, December 6, 2022 3
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in SCD, and picked single clones to repeat the experiment. After 24 h of

growth, we found a size phenotype consistent with our original result shown

in Fig. 5.

For microscopy, cells were grown with the same conditions as for the

Coulter counter measurements. Next, wells of chambered coverslips (m-

Slice 8 Well, ibidi) were covered with 200 mL of 1 mg/mL (in water) Con-

cavalin A and incubated for 10 min. The wells were subsequently washed

twice with water and twice with SCD medium. Then, cells were sonicated

for 10 s and 200 mL of the sonicated suspension was transferred to the

coated well and left to stabilize for about 5 min, after which the medium

was removed and the unbound cells were washed away twice with SCDme-

dium. Finally, the well was covered with 200 mL of SCD medium and

mounted onto the microscope. Images were taken on a Zeiss LSM 800 mi-

croscope (Carl Zeiss, Oberkochen, Germany, Zen 2.3, blue edition soft-

ware) with an Axiocam 506 camera using a Plan-Apochromat 63�/1.4

Oil DIC objective. The cells were imaged in bright-field mode. The images

were then segmented with YeaZ (43) embedded in the bioimage analysis

software Cell-ACDC (44), which also automatically estimates the cell vol-

ume from 2D segmentation masks.
Optical trap setup and measurement modes

Optical tweezers experiments were performed on a LUMCIKS C-trap

(LUMICKS, Amsterdam, the Netherlands) with embedded smooth motion

update by active pulling on the tethered molecule with a fixed pulling and

relaxation speed. In passive mode, the molecule was held at a constant trap

distance in distinct steps. Data were recorded at a sampling rate of 78.125

kHz and downsampled by a factor of 4 for additional analysis.
Polymer models and length coordinates

Force-extension curves recorded by active pulling on the tethered molecule

follow the stretching response of the DNA handles, which was modeled

with the extensible worm-like chain eWLC model:

FðxDÞ ¼ kBT

pD

 
1

4

�
1 � xD

LD

þ F

K

�� 2

� 1

4
þ xD

LD

� F

K

!

(1)

with DNA extension xD, force F, thermal energy kBT, DNA persistence

length pD, DNA contour length LD, and the stretch modulus K.
The additional force-extension of an unfolded protein was modeled by

using a worm-like chain (WLC) model in series with the DNA handles’

response (above):
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with unfolded protein extension xp, protein persistence length pp and pro-

tein contour length Lp.
The curves were fitted using a temperature T of 296 K, the DNA stretch

modulus K was fixed to 800 pN/nm, and the protein persistence length pp
was fixed to 0.7 nm. Resulting DNA persistence lengths were typically

pD � 10–20 nm and resulting DNA contour lengths LD were�350–370 nm.
Total free-energy estimation based on the Crooks
fluctuation theorem

The Crooks fluctuation theorem is applicable for ‘‘stochastic, microscopi-

cally reversible dynamic’’ (45) and provides an estimation of the total

free energyDG0
F-U from non-equilibrium force versus distance curves (46):
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PðWÞ
Pð�WÞ ¼ e

W�DG0

kBT (3)

with the work distribution during unfolding P(W) and the work distribution

during folding P(�W). The work was determined as the area below a force

versus distance curve and the contributions from the DNA handles were

subtracted with respect to the linker models (27).
Equilibrium energies, barrier heights, rate
models, and contour length transformation

Passive mode measurements were analyzed as previously described

(28,47). In brief, the different passive mode traces were modeled using

hidden Markov modeling (48). The errors of the force-dependent state

probabilities were gained from bootstrapping from each individual con-

stant-distance trace with 200 iterations (28) , and resulting standard devia-

tions are shown. The equilibrium energies DG0
ij between folding states i,j

were calculated by global fits to an equilibrium model:

PiðFiÞ ¼
 
1þ

X
jsi

exp

 �DG0
ij � DGsys

ij

�
Fi; Fj

�
kBT

!!
;

(4)

where PiðFiÞ is the force-dependent state probability and DGsys
ij is the en-

ergy contribution resulting from the bead deflection from the trap center

(assuming a Hookean spring model), the stretching of the DNA handles,

and the stretching of the unfolded polypeptide (integrals over eWLC and

WLC models, see above) and can be determined based on the recorded

data (27), whereas the equilibrium energy DG0
ij can be determined by fitting

(for a detailed description, please see (49)).

The force-dependent rate models with missed events correction and the

contour length transformations were done for the protein-dumbbell system

as described in (47), and the energy barrier heights were determined to

construct an interpolated energy landscape using

DGy

kBT
¼ ln

�
k0
A

�
; A ¼ 1:2 � 104 s� 1 (5)

with energy barrier height DGy, extrapolated zero-force folding rate k0 and

an Arrhenius-factor A, which estimates the frequency of folding attempts of

the construct (27).
Classification of force-extension curves for the
DEB constructs

For classification of the DEB F-I1 folding transition, the rupture of the

initial DNA stretch was monitored in 500 nm/s force-extension curves of

all constructs. If the rupture value was below 2 pN, corresponding force-

extension curves lacking a folded F-I1 section were classified as non-

native-like pulling traces. Traces were then transformed into contour space

(50), where the population of non-productive, metastable states was clearly

distinguishable from WT-like folds due to their longer residence time.

Consequently, pulling traces showing intermediates resisting higher forces

than 8.5 pN, which were never reached for the WT construct at that pulling

speed, were classified as misaligned configurations. The DEB analysis in-

cludes 11 molecules with at least 20 cycles summing up to a total of 436

cycles of 500 nm/s, DEBN analysis includes five molecules with 769 cycles

of 500 nm/s, and DEBC analysis includes seven molecules with 486 cycles
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of 500 nm/s. Errors were given as standard deviations of the single-mole-

cule distribution.
Simulation of force-extension curves from
interpolated energy landscapes

The Monte Carlo simulations were performed as described previously

(28,51). In brief, in the modeled system two trapped beads are linked

with eWLC handles to the protein. The transition probabilities were taken

from the force-dependent rates (Table S2; Fig. S3). The bead deflection and

protein contour length were updated at each time step (Dt ¼ 10�5 s) and

sampled at 20 kHz, mimicking experimental conditions. Force-extension

curves were generated for the WT and TR construct. To generate force-

extension traces for DEB, the WTenergy landscape was iteratively adjusted

such that the resulting force-extension curves matched the experimental

WT-like force-extension curves of DEB (Fig. S6 B). To achieve this, the

I2 state had to be eliminated and the resulting energy of the I3 state and

the energy barrier of the I1-I3 transition were adjusted.
RESULTS

The Psm3 CC shows low-force unfolding over
three intermediates

To study the mechanics of SMC CC domains, we engi-
neered a single-peptide construct of the isolated CC region
of the fission yeast cohesin subunit Psm3 (Fig. 1 A). Lacking
high-resolution structural information about the entire CC,
we identified endpoints of a suitable construct relying on
crosslinking studies (52) and CC prediction software
(15,16,35). In detail, the head-proximal endpoints (D245-
K908) of Psm3 were found from sequence alignment of hu-
man Smc3 crosslinks. Using prediction software (Fig. S1 A),
the CC fold was verified and spans at least to T505 and
G658 at the hinge-proximal site. The utilized construct con-
taining the selected stretches was equipped with terminal
ybbR-tags, which served as attachment points for dsDNA
handles (Figs. 1 A, S1 A, and S2). A 16-amino-acid (aa) flex-
ible linker replaced the hinge region between T505 and
G658. We then manipulated this construct in an optical
tweezers instrument using a zipper geometry (Fig. 1 A).

Force-extension curves recorded at a pulling speed of
20 nm/s showed first unfolding events between �2 and 4
pN. This initial transition is followed by subsequent un-
and refolding transitions with three obligatory intermediates
close to equilibrium (red curve in Fig. 1 B). We used poly-
mer models (53) to determine the length of the folded CC
sections and found a length of 185.9 5 3.4 nm for the
unfolded construct U (red). All errors represent standard de-
viations, unless stated otherwise. This corresponds to 5095
10 aa, 19 aa shorter than the 528 aa contained in the
construct. This suggests that the head-proximal amino
acid of the CC construct does not contribute to the stably
folded part of the CC, since no further unfolding event cor-
responding to an unfolding of these 19 aa was observed. The
intermediates, which we termed I1 (blue), I2 (green), and I3
(orange in Fig. 1 B), consistently appeared at contour
lengths of 58.0 5 1.3 nm, 96.0 5 2.9 nm and 146.5 5
4.9 nm, respectively (see Table S1). The construct readily
refolded into the native conformation during relaxation
(gray curve in Fig. 1 B).

To characterize the exchange between the intermediates
in greater detail, we next recorded equilibrium fluctuation
traces in passive mode with a constant trap distance for
each trace (27). Different applied tensions revealed the ki-
netics and energetics of the protein folding transitions
(Fig. 1 C). At low distances (single asterisk in Fig. 1 B
and C), the protein was most present in the folded configu-
ration F (native state, purple), while partial unfolding into
the I1 intermediate state was observed. At higher tensions,
the construct was most present in the I1 intermediate, while
first transitions into the I2 state could be resolved. Following
traces demonstrate further unfolding from I2 into the I3
state. Finally, the population of states shifted toward U for
higher trap distances (double asterisk in Fig. 1 B and C).
From these traces, the stability profile of the Psm3 CC can
be revealed. First, we used hidden Markov models (48) to
identify the force-dependent populations (Fig. 1 A) and
rate constants (Fig. S3 A). Next, we applied mechanical
linker models to determine the thermodynamic energies of
the states (27). The resulting energy of the fully folded
CC is DG0

F-U¼ (23.2 5 2.3) kBT. The intermediates are
at 5.2 5 0.9 kBT, 11.2 5 1.2 kBT and 16.9 5 1.9 kBT
measured from the native state (see Table S1), which agrees
with the total free energy derived from the Crooks fluctua-
tion theorem (45) of 19.1 5 2.8 kBT based on non-equilib-
rium force-distance curves (Fig. S4 A and B). Furthermore,
we determined the barrier heights from the kinetics of the
states by using the extrapolated zero-force unfolding rates
(Fig. S3 A) and assumed an Arrhenius factor of 1.2 � 104

s� 1 (27) (see Table S2). This allowed us to generate a puta-
tive energy landscape for the unzipping of the Psm3 CC
(Fig. 1 E), which revealed faster kinetics for the I1-I2 sec-
tion compared with the F-I1 or I2-I3 section due to the lower
energy barrier height between I1 and I2. The I3-U energy
profile is comparatively flat after the energy barrier. Howev-
er, the profile in this region could be masked by the intro-
duction of the hinge-replacing flexible linker. By
analyzing DG0 per contour length for each intermediate
stretch, we found that the energy stored inside this CC
construct is quite uniformly distributed and averages to
0.12 kBT/nm (Table S1; Fig. S4 C), which means that the
Psm3 CC is a thermodynamically less stable fold compared
with other CC proteins (25–28).

Generally, folding and unfolding transitions proceeded
sequentially in the scheme F-I1-I2-I3-U, suggesting that
the Psm3 CC folds and unfolds in a zipper-like fashion.
However, a detailed analysis of many molecules also re-
vealed rarely populated and short-lived off-pathway states,
which we called I2* (mean dwell time, tI2* ¼ 5.2 5
4.7 ms) and I3* (tI3* ¼ 4.0 5 2.4 ms), respectively
(Fig. 1 C and F). Note that their contour lengths of
Biophysical Journal 121, 1–12, December 6, 2022 5
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98.7 5 3.4 nm and 146.6 5 5.1 nm are indistinguishable
from the on-pathway states I2 and I3. However, because
these I2* and I3* are significantly less stable than I2 and
I3, respectively (DG0

I2-I2* ¼ 8.4 5 2.2 kBT, DG
0
I3-I3* ¼

5.5 5 2.3 kBT) and always refolded into the on-pathway
states, we suspect that they represent misaligned configura-
tions of the I2-I3 section. Taken together, we found for the
Psm3 CC a general zipper-like transition pattern between
F and U, with occasional off-pathway deviations (Fig. 1 G).
Crosslinking corroborates unfolded amino acids
in the head-proximal region

To solve the conundrum of the missing 19 aa in the folded
conformation (see above) and unambiguously determine
the pairing of the CC in the head-proximal region, we
created a series of cysteine point mutations to precisely
identify adjacent amino acids in the folded conformation
by BMOE crosslinking experiments (34) (Fig. 2 A). Based
on CC prediction software (15,16) we chose the most
head-proximal C-terminal ‘‘d’’ amino acid of the CC
(D906) as an anchor point and tested its association to seven
‘‘a’’ amino acids on the N-terminal strand (R246, N253,
F260, I267, I274, L281, K288). We expressed and purified
seven proteins containing double cysteine mutations and
tested whether these constructs were crosslinked by the
homo-bifunctional zero-length crosslinker BMOE. The effi-
ciencies were evaluated by gel electrophoresis and fluores-
cence imaging (Figs. 2 B and S5).

We found a significant crosslinking efficiency of D906C
to R246C, N253C, F260C, and I267C (Fig. 2 B, top panel).
Surprisingly, the range of identified pairs exceeds the length
of BMOE (8.0 Å). We conclude that the region around D906
must be flexible and hence not in a well-folded CC (17).
This agrees with the observation of the missing 19 aa in
pulling experiments (see above). To identify the actual start
of the well-folded CC section, we performed an additional
series of crosslink experiments with an amino acid (L892)
further inside the CC as an anchor point (Fig. 2 B, bottom
panel). In contrast to D906, L892C only paired with two
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amino acids on the N-terminal strand (F260C and I267C),
which is compatible with the BMOE length and consistent
with a well-folded CC close to L892. We conclude that
the head-proximal CC region of our construct is well folded
until I267 and L892 but is likely unfolded around R246 and
D906 (Fig. 2 C).
Intermediates occur at non-canonical CC features

We next sought to use the length information obtained from
our measurements to pinpoint the structural location of the
intermediate states to features inside the CC. This assign-
ment is straightforward if the CC adopts a regular fold
without discontinuities. However, structural and biochem-
ical studies have indicated that SMC CCs deviate from a
regular CC fold (5,17) and may contain several non-canon-
ical features such as loops or linker regions (54), which lead
to shifts in pairing along the hydrophobic core of the protein
(Fig. S1 A). In our tweezers experiments, we measure the
number of amino acids that free up during an unfolding
event independently of a symmetric or shifted pairing of
the CC, which results in ambiguous assignments of folding
features (Fig. S1 B).

We therefore used computational prediction software to
identify non-canonical features of the CC. First, we studied
the predicted CC propensities by DeepCoil (35,55,56) to
identify possible separated CC sections (Fig. S1 A). The
minima in the profile indicate three or four non-structured
linkers between sections of continuous CC (Fig. S1 A). In
addition, PCOILS (16) and MARCOIL (15), which estimate
the CC heptad repeat pattern, showed two sites with shifts in
CC pairing for the selected Psm3 CC region. Next, we used
the atomic model of the whole Psm3 protein predicted by
AlphaFold (36,37) and identified the elbow and a stutter
as non-canonical CC features of the selected Psm3 region.
In the model, the stutter is located close to P831, while
the elbow is predicted as non-alpha helical linkers on both
CC strands, located at F385-T387 and S773-D779
(Fig. S1 C, top), which is close to the elbow predicted by
crosslinks K388-Q398 and D779-L789 (18). Interestingly,
N C

I267
F260 L892

D906253
46

FIGURE 2 Crosslinking of terminal amino acids

reveals fraying at the termini. (A) Cysteine-based

BMOE crosslinking was performed for the anchor
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the prediction programs agree on a pairing shift between the
CC strands of two amino acids at the stutter and five amino
acids at the elbow.

To assign our measured intermediate contour lengths to
paired amino acids in the protein, we used the pairing at
the CC termini identified by our crosslinking experiments
(Fig. 2 B) to find the folded state F and extrapolate further
CC alignment. The measured contour length of the folded
construct (F – U: 509 5 10 aa) significantly exceeds the
crosslink-based minimal paired amino acids I267 and
L892, which includes only 488 aa (238 aa from the N-ter-
minal coil I267-T505, 16 aa from the linker, and 234 aa
from the C-terminal coil G658-L892). Therefore, the
folded state starts around S257 and I903, which agrees
with the pairing of I267-L892 and includes 509 aa (F:
S257-I903 5 10 aa). We hence used the measured number
of unfolded amino acids to locate the intermediates in the
protein with respect to the predicted pairing shifts (I1,
I337-N824 5 4 aa; I2, D392-M775 5 8 aa; I3, R461-
D706 5 14 aa; also see Fig. S1 C, bottom). Interestingly,
the stutter and the elbow lie close to the detected interme-
diates I1 and I2.
A truncated CC shows regular elbow folding

In contrast to I1 and I2, which coincided with sites of pre-
dicted non-canonical CC features, the intermediate I3 was
clearly identified in pulling experiments but not predicted.
We therefore wondered if I3 folding is a necessary prerequi-
site for productive folding and designed a truncation mutant
TR, where the hinge-proximal region was shortened to
G445 and T733, eliminating I3 (Fig. 3 A). Pulling cycles
of TR showed I1 and I2 features at the same contour lengths
as for WT (Fig. 3 B), but lacked I3 features. In addition, pas-
sive-mode measurements revealed that the population and
energetics of I1 and I2 are identical to WT (Figs. 3 C–E
and S3 B). Interestingly, the I2-UTR section showed faster
kinetics than the I2–I3 section of the WT construct. Further-
more, TR did not misfold into the intermediates I2* and I3*,
which both require a functional I3 according to the stated
on-pathway folding network (Fig. 1 F). We conclude that
Psm3 folds consecutively and proper F-I1 and I1-I2 folding
does not require a folded I3.
Replacing the elbow results in rare non-
productive, metastable folds

Since the elbow is a central part of SMC CCs and allows
collapsed conformations of SMC complexes (13,22), we
wondered how the CC will be aligned without the elbow.
Recent findings showed that altered SMC CC length and
even point mutations of aromatic amino acids inside the
elbow region can be lethal (5,20). Therefore, we first iden-
tified conserved aromatic amino acids in the N-terminal
elbow region of Psm3 and found a non-helical sequence
that causes a heptad discontinuity. We replaced this elbow
sequence with a suitable CC section on the N-terminal CC
strand (DEBN). For the C-terminal strand, a deletion of
P780 was sufficient to complete the heptad repeat pattern
(DEBC). Furthermore, a combination of DEBN and DEBC

excludes the elbow on both strands (DEB), and possesses
the same number of amino acids as WT. In accordance
with our design, prediction software confirmed the
improved CC propensity and indicates a straightening of
the CCs in the double mutant DEB (Fig. 4 A).

In contrast to WT, we found that all mutants (DEB,
DEBN, DEBC) displayed more diverse force-extension
curves. Stretching traces often started at intermediate con-
tour lengths, with many traces exhibiting unexpectedly
high unfolding forces, indicating that, during relaxation,
the mutants frequently misfolded. The misfolded configu-
rations occurred in 2% 5 2% of the traces for DEBN

and in 3% 5 2% of the traces for DEBC, whereas, in the
double mutation DEB, we observed 17% 5 8% misfolded
configurations (Fig. 4 B). This suggests an additive effect
of both mutations on the CC folding. Hence, we character-
ized the misfolding of the DEB mutant in more detail. In
84% 5 7% of DEB pulling traces recorded at 500 nm/s
we found a folded F-I1 section similar to WT and no inter-
mediate comparable with the WT I2 state. The remaining
pulling traces exposed configurations that had not folded
into the native state F during previous relaxation (Fig. S6
C, blue). Therefore, these configurations can be considered
as misfolded kinetic traps. However, here, the consecutive
relaxation (Fig. S6 C, gray) showed refolding into the
native state, suggesting that the protein is able to frequently
exchange between folded and misfolded states. For a closer
look, we display representative cycles at 20 nm/s showing
unzipping of folded and misfolded configurations (Fig. S6
B and C). Next, we focused on the novel DEB-specific in-
termediates that ruptured at unexpectedly high forces
(Fig. 4 B, blue traces). Here, the protein adopts half-folded
conformations, which are non-productive as further pairing
of unfolded, terminal amino acids is not observed. In
contrast to WT and TR, these configurations of DEB still
resisted high forces at 20 nm/s (Fig. S6 C), which con-
cealed information about the consecutive I3-U section. A
closer look by reducing the pulling speed to 2 nm/s re-
vealed various misaligned configurations of the I1-I3 sec-
tion, which are clearly different from the WT I2 state
and are followed by the familiar WT-like I3-U transitions
(Fig. S6 D). Interestingly, the misfolded states exchanged
over the I3 intermediate (arrowhead in Fig. S6 E) and
not over the fully unfolded protein U. We conclude that
the heptad discontinuity induced by the Psm3 elbow, which
is present in WT but has been removed in DEB, ensures a
native-like alignment of the head-proximal CCs, and that
the replacement of the elbow by a continuous CC section
frequently leads to non-native configurations. The elbow,
albeit not being a canonical CC feature, is therefore an
Biophysical Journal 121, 1–12, December 6, 2022 7
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integral component of the Psm3 CC region and ensures
proper folding of the CC sections.

To validate if the elbow replacement had a stabilizing
effect on the CC, we were interested in the energy land-
scape of the WT-like DEB configuration. Unfortunately,
passive-mode measurements of the DEB construct were
ambiguous to analyze since transitions between native-
like and misfolded configurations, the variety of mis-
folded states, and their longevity masked the folding
network, which was also reported for a misfolding hairpin
(57). This prevented us from directly obtaining an energy
landscape of DEB. Instead, we used an approach based on
Monte Carlo simulations. Simulated force-extension
curves matched experimental data for WT and TR
(Fig. S7 A–F). We then generated a likely DEB landscape
by altering the WT landscape around the region of the
elbow replacement to match simulated and experimental
force-extension curves (Fig. S7 G–I). This analysis
showed that the DEB elbow replacement resulted in a
removal of I2 and a destabilization of the I1–I3 section
by �7 kBT.
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Replacing the elbow in vivo causes cell growth
defects

To test the influence of the elbow feature on the cohesin
complex in a biological context, we introduced similar mu-
tations of the elbow regions into the budding yeast cohesin
subunit Smc3. As cohesin plays a major role in cell cycle
progression and chromatin organization and because mitosis
defects often manifest in increased cell volume (58), we
chose cell volume measurements as a sensitive read-out
for biological cohesin function. An elbow replacement cor-
responding to DEB showed significantly increased cell vol-
ume compared with the WT strain or a control, where the
WT SMC3 sequence was re-integrated in the same locus us-
ing an analogous construct to exclude unspecific effects
(Fig. 5 A). We next sought to pinpoint the phenotype of
the replacement to the individual CCs and repeated the
experiment with only N- or C-terminal mutations (DEBN

and DEBC, respectively). To our surprise, we found that
DEBN had an even stronger phenotype than the double mu-
tation, whereas DEBC was not significantly different from
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WT (Fig. 5 A and C). To conclude, while cohesin tolerates a
small mutation that continues the heptad in the Smc3 C-ter-
minal CC, the heptad continuation of the Smc3 N-terminal
CC results in severe size and shape defects (Figs. 5 D and
S8). Interestingly, a simultaneous continuation of both
CCs partially rescues the phenotype, but still shows a cell
volume increase consistent with a mitosis defect.
(blue) or unmodified elbow region (red). (B) A more severe phenotype

was found for the single N-terminal elbow replacement (DEBN, three inde-

pendent clones). Lower part: cartoons as in (A). (C) The single C-terminal

elbow replacement mutation (DEBC, four independent clones) does not in-

fluence the cell volume. Lower part: cartoons as in (A). p-values based on

Student’s two-sample t-test. n.s., not significant. (D) Exemplary microscopy

images of yeast cells carrying WT, DEB, and DEBN mutations in the SMC3

gene. Compared with WT, the mutants DEB and DEBN show cell size and

shape defects. Scale bar in all images, 5 mm (see also Fig. S8). To see this

figure in color, go online.
DISCUSSION

Here, we have characterized a long region of Psm3’s CC as a
model protein for eukaryotic SMC proteins by optical
tweezers with supporting in vitro and in vivo experiments.
We identified structural features from their mechanical
response, which uncovered the arrangement of the CC.

CCs are a ubiquitous and frequently occurring folding
motif of proteins, where the amino acids follow a heptad
repeat pattern (14). Besides facilitating oligomerization,
CCs are known to serve as molecular spacers that separate
functional domains of proteins. While the length of SMC
CCs is conserved in eukaryotes (17), which is consistent
with a role as spatial separators, the relatively high sequence
conservation (14) compared with spacer CCs and the transi-
tions between different large-scale conformations (O and B
shape; Fig. S9) contradict a function as rigid spacers and
suggest a more subtle role within SMC mechanics.

SMC CCs were found to contain kinks in rotary-shadow
experiments (4,59), and recent crystal structures of SMC
CCs exhibit interrupted helices (5,12,60), which suggest
the presence of different segments in the CC. Numerous
short breaks were already found in other elongated CCs,
such as MRN (61), Myosin II (62), or Golgins (63). Howev-
er, a segmented architecture does not necessarily result in
high flexibility, as MRN (64) or Myosin II (65) show
dramatically higher persistence length than SMC CCs (4).
Our unfolding experiments supports the notion of a modular
arrangement revealing that the Psm3 discontinuities are
structurally and thermodynamically relevant features. In
addition, the free energies per length of the individual
segments (0.1–0.2 kBT/nm) (Figs. 1 E and 3 D) are signifi-
cantly lower than the reported values for canonical CC pro-
teins, such as vimentin (0.54 kBT/nm) (28) or GCN4 (1.20
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kBT/nm) (26,27). Therefore, the modular arrangement, but
also the weak fold of the CC segments, promotes flexible
polymer properties and facilitates the different conforma-
tions of SMC complexes.

SMC complexes contain an ATPase domain; hence, it
stands to reason that CC bending at the elbow is an active
process triggered by ATP hydrolysis and was already sug-
gested for condensin (22). For cargo-carrying motor pro-
teins such as dynein (52), conformational changes were
found to be promoted by ATP-cycle-dependent helix sliding
of the CC. These proteins contain, exactly like SMC pro-
teins, kinked CCs attached to ATPase domains. In SMC
CCs, different heptad pairings inside the hydrophobic core
could lock the SMC complex in either the straight CC
conformation or in the bent CC conformation. The transition
between these conformations would then be promoted by
helix sliding, whose energetic cost is estimated to be in
the order of �2–3 kBT (66), which could be afforded by
ATP hydrolysis (67). However, our crosslinking experi-
ments of the Psm3 CC showed no indications of a flexible
heptad pairing (Fig. 2 B), which would be a prerequisite
of helix sliding. In addition, passive mode traces did not
show typical features of staggered helices, which were re-
ported for GCN4 (26). In summary, our data support a
model where elbow bending is driven by passive thermal
fluctuations (13) of the CC sections identified in this study.

A passive CC bending mechanism critically depends on a
structurally flexible elbow, but recent cryo-EM densities
lack resolution at this crucial component (11,12). The
simplest possible feature would be a kink, such as in
GreA (68), or a loop, such as in Ndc80 (69) (Fig. S10 A),
that is only present on one CC strand. Since AlphaFold
and CC propensity profiles revealed a non-helical linker
on both CC strands (Fig. S1 A), it is more likely that the
elbow forms an entangled linker (e.g., as in Omp100 (70)
or KKT4 (71); see Fig. S10 B) or a ‘‘knuckle motif,’’ as in
bacterial SMC or SMC-like proteins, such as MukB
(5,17), RecN (72), or SbcCD (73) (Fig. S10 C), both of
which are consistent with the found pairing shift of five
amino acids (Fig. S1 C). Replacing the elbow by creating
a continuous canonical heptad repeat pattern destabilized
the CC (Fig. S7). Intuitively, one would expect that a contin-
uation of the regular heptad repeat stabilizes the CC. How-
ever, a reason for destabilization might be that the flexible
linkers in the elbow are required for CC strand movement
and proper alignment, while a regular heptad continuation
locks them in an unfavorable configuration. Without the
separating effect of the elbow linkers, these misaligned con-
figurations then propagate over the elbow region and result
in non-native alignments of the amino acids close to I1,
which might result in the metastable intermediates found
in the DEB unzipping traces (Fig. S4 C). In contrast to
continuous short CCs such as GCN4 that need to completely
unfold to remove misfolds before starting a new folding
attempt (26), unfolding to the previous intermediate is suf-
10 Biophysical Journal 121, 1–12, December 6, 2022
ficient for Psm3 CC (Fig. S6 E). Taken together, the elbow
guides proper folding of the entire Psm3 CC and prevents
misfolding. As other long CCs, such as Golgins (63) or
MRN (61), also contain interrupted helices, we propose
that the modular composition is a general feature of elon-
gated CCs to reliably enable correct folding and functional
proteins.

In in vivo studies, alterations of the CC length (20) and
even point mutations inside the elbow (5) were found to
lead to lethality. We observed severe size and shape pheno-
types of the N-terminal replacement mutant (DEBN), which
were tempered by the addition of the C-terminal deletion
(Fig. 5). This indicates that the altered cohesin complexes
are still partially functional, but their ability to perform
the stated large-scale conformational changes seemed to
be significantly restricted by the alteration in elbow flexi-
bility. Maybe the mutated CC arrangement is furthermore
unfavorable for additional binding partners. Hence, the
elbow is not only a folding guide but also likely ensures
proper cohesin function.
CONCLUSIONS

Using optical tweezers, we have found four relatively unsta-
ble sections inside the Psm3 CC. In contrast to many other
CCs, and especially to homodimers, the non-canonical
elbow feature comprises non-structured linkers, which in-
duces a pairing shift from one CC strand to the other,
enabling potentially unique CC mechanics. We found that
the elbow is a key feature inside Psm3s CC, which ensures
proper CC arrangement and further complex functions. As
discontinuities are common CC features, these findings
might translate to other elongated CCs and especially to
other SMC or SMC-like proteins. Additionally, this study
provides new details for SMC arm flexibility, which could
be used to improve future modeling approaches of the
SMC loop extrusion mechanism.
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