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Cohesin SA2 is a sequence-independent DNA-binding
protein that recognizes DNA replication and repair

intermediates
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Proper chromosome alignment and segregation during mito-
sis depend on cohesion between sister chromatids, mediated by
the cohesin protein complex, which also plays crucial roles in
diverse genome maintenance pathways. Current models attrib-
ute DNA binding by cohesin to entrapment of dsDNA by the
cohesin ring subunits (SMC1, SMC3, and RAD21 in humans).
However, the biophysical properties and activities of the fourth
core cohesin subunit SA2 (STAG2) are largely unknown. Here,
using single-molecule atomic force and fluorescence micros-
copy imaging as well as fluorescence anisotropy measurements,
we established that SA2 binds to both dsDNA and ssDNA, albeit
with a higher binding affinity for ssDNA. We observed that SA2
can switch between the 1D diffusing (search) mode on dsDNA
and stable binding (recognition) mode at ssDNA gaps. Although
SA2 does not specifically bind to centromeric or telomeric
sequences, it does recognize DNA structures often associated
with DNA replication and double-strand break repair, such as a
double-stranded end, single-stranded overhang, flap, fork,
and ssDNA gap. SA2 loss leads to a defect in homologous
recombination-mediated DNA double-strand break repair.
These results suggest that SA2 functions at intermediate DNA
structures during DNA transactions in genome maintenance
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pathways. These findings have important implications for
understanding the function of cohesin in these pathways.

In eukaryotes, proper chromosome alignment and segrega-
tion during mitosis depend on cohesion between sister chro-
matids (1, 2). Cohesion is mediated by the cohesin complex,
which also plays important roles in diverse biological processes,
including DNA double-strand break (DSB)? repair, restart of
stalled replication forks, and maintenance of 3D chromatin
organization (3, 4). In vertebrates, cohesin consists of heterodi-
meric ATPases SMC1 and SMC3, a kleisin subunit RAD21 (also
known as Sccl), and the stromal antigen (SA or Heat-B) sub-
unit, which can be either SA1 (STAG1) or SA2 (STAG2). The
core cohesin complex exists at 1:1:1:1 stoichiometry in cells
(5). Electron microscopy—, crystallography—, and biochemical
assay—based studies support the notion that cohesin binds to
DNA by topological embrace through the ring subunits (SMC1,
SMC3, and RAD21) (6—11). SA1 and SA2 share 70% sequence
homology and exist in separate cohesin complexes, with SA2
being more abundant than SA1 (12—-14). In addition to the core
cohesin subunits, several cohesin regulatory factors have been
discovered that play important roles in the loading, stability,
and cleavage of the cohesin ring during different phases of the
cell cycle (15-18). Furthermore, non-SMC subunits in cohesin
and condensin (Psc3, Ycgl, and Ycs4) and NSE1/3/4 from
the SMC5/6 complex have been implicated in DNA binding
(9, 19, 20).

Germ line mutations in core cohesin subunits or their regu-
lators are associated with a spectrum of human diseases collec-
tively called “cohesinopathies” and an increased incidence of
cancer (3, 21, 22). Somatic mutations of the SA2 gene and loss of
SA2 protein expression have been reported in multiple cancer

2 The abbreviations used are: DSB, double-strand break; AFM, atomic force
microscopy; QD, quantum dot; HR, homologous recombination; nt, nucle-
otide; NTA, nitrilotriacetic acid; ®'tris-NTA, biotinylated tris-nitrilotriacetic
acid; MSD, mean square displacement.
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cell lines, including urothelial bladder carcinomas, Ewing’s sar-
comas, glioblastomas, and malignant melanomas (21).

Despite the progress made since the discovery of the cohesin
complex, many fundamental questions regarding the structure
and assembly of cohesin remain unanswered (23, 24). For
example, how cohesin binds to chromatin to establish sister
chromatid cohesion is not fully understood (25). Various mod-
els, including one ring, twin-ring handcuffs, bracelet oligomers,
and C-clamps, have been proposed for cohesin assembly on
DNA (24). However, these models have not taken into consid-
eration that SA2 plays important roles both in stabilizing cohe-
sin on DNA and unloading cohesin from chromatin. It is known
that SA2 phosphorylation by the polo-like kinase 1 (P1k1) leads
to the removal of cohesin from chromatin (26), indicating the
importance of SA2 in the relationship of cohesin with DNA.

In addition, how cohesin DNA binding is spatially controlled
along the genome is poorly understood. DNA DSB induction
leads to the establishment of sister chromatid cohesion in the
G, phase, which facilitates the DNA repair process (27-31). It
was proposed that following the induction of DSBs, cohesin is
recruited to the region surrounding the DSB as well as genome-
wide through the DNA damage response pathway and chroma-
tin remodeling (32, 33). In addition, the Schizosaccharomyces
pombe cohesin ring is capable of sliding on DNA with a diffu-
sion constant approaching the theoretical limit for free 1D dif-
fusion, and the complex falls off from free DNA ends (34).
These observations raise an important question: How does the
cohesin complex promote stable cohesion during DNA DSB
repair without sliding off from DNA ends? In addition, SA1 and
SA2 have different roles during DSB repair, as well as during
sister chromatid cohesion at telomeres and centromeres (35,
36). Whereas SA2 is important for cohesion at centromeres,
depletion analysis showed that telomeres relied heavily on SA1
and to a lesser extent on the cohesin ring for cohesion (35, 36).

It has been suggested that the SA subunits in humans and
their orthologs in yeast (Scc3 in budding yeast and Psc3 in fis-
sion yeast) play a role in the loading of cohesin ring onto chro-
mosomes through the interaction between DNA and the cohe-
sin hinge (37, 38). The crystal structure of SA2 (residues
80-1060) shows that it contains a helical domain at its N ter-
minus followed by 17 HEAT repeats shaped like a dragon (39,
40). Binding to DNA through the HEAT repeat—containing
subunits has been proposed to serve as the first step in conden-
sin loading (19). The N- and C-terminal domains of SA1 and
SA2 share only 30-50% homology, which makes it likely that
these domains contribute to their functional specificities.
Recently, we discovered that SA1 binds to dsDNA and shows
specificity for telomeric sequences (41). These new results raise
an important question as to whether or not SA2 specifically
recognizes unique DNA sequences or structures. Here, to
investigate the binding of SA2 to specific DNA sequences and
structures, we applied fluorescence anisotropy and two com-
plementary single-molecule imaging techniques, atomic force
microscopy (AFM) and fluorescence imaging of quantum dot
(QD)-labeled proteins on DNA tightropes. In contrast to SA1
(41), the 1D diffusion dynamics of SA2 on DNA is independent
of telomeric or centromeric sequences. Fluorescence anisot-
ropy shows that SA2 binds to both ssDNA and dsDNA, albeit
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with a higher binding affinity for ssDNA. In addition, SA2 rec-
ognizes DNA overhang, flap, and fork, which are intermediate
DNA structures during DNA repair, recombination, and repli-
cation. Likewise, AFM imaging reveals that SA2 displays
high binding specificities for the DNA end, ssDNA gap, flap,
single-stranded fork, and replication fork. Strikingly, SA2 is
capable of switching between two DNA-binding modes:
searching through unbiased 1D diffusion on dsDNA and rec-
ognition through stable binding at the ssDNA gap. Further-
more, results from the DR-GFP reporter system show that
SA2 directly facilitates homologous recombination (HR)-medi-
ated DNA DSB repair. Importantly, these results strongly suggest a
new role for SA2 in recognizing intermediate DNA structures dur-
ing genome maintenance pathways.

Results
SA2 specifically binds to DNA ends

Studying the DNA-binding properties of SA1 and SA2 is
essential for advancing our understanding of the function of the
cohesin complex in diverse genome maintenance pathways.
Recently, we discovered that SA1 binds to DNA through the
AT-hook domain at its N-terminal domain (41). SA2 lacks the
AT-hook motif (36). To investigate whether or not SA2 is a
DNA-binding protein, we purified His-tagged full-length SA2
(Fig. 1A and Methods). First, we evaluated the oligomeric state
of SA2 using a previously established method that estimates the
molecular mass of a protein based on the calibration curve cor-
relating AFM volume and molecular weight of proteins (42—
44). Based on this method, SA2 molecules (141 kDa) display
AFM volumes (146 nm?®) consistent with being predominantly
monomers (Fig. S1A). This result is consistent with our earlier
analysis of SA2 molecular weight using gel filtration chroma-
tography (45).

To evaluate SA2-DNA binding specificity, we applied AFM
imaging of SA2 in the presence of linear DNA fragments con-
taining either centromeric or telomeric sequences (Fig. 14 and
Methods). Ensemble-based biochemical assays, such as fluores-
cence anisotropy and EMSAs, only provide average binding
affinities for DNA substrates. These assays cannot differentiate
sequence-specific DNA binding from DNA end binding. In
contrast, from AFM images of protein-DNA complexes, a
direct measurement of the DNA-binding specificity for unique
sequences as well as that for DNA structures such as ends can
be obtained through statistical analysis of binding positions of
protein complexes on individual DNA fragments (46). Two
centromeric DNA substrates (4.1 kb) used for AFM imaging
contain the a-satellite centromeric sequences that are either
close to one end of the linearized DNA (Cen-end DNA) or near
the middle (Cen-mid DNA) (Fig. 1A4). For the telomeric DNA
substrate (T270 DNA), the (TTAGGG),,, sequences make up
~30% of the total DNA length (5.4 kb) and are located at the
middle of the linearized T270 DNA (Fig. 1A). SA2 molecules
displayed AFM heights (1.41 = 0.30 nm, mean * S.D., Fig. 1 (B
and C) and supplemental Fig. S1B) that were significantly taller
than that of dsDNA alone (0.70 £ 0.08 nm, mean = S.D.). This
large difference in heights enabled unambiguous identification
of SA2 molecules on DNA. Statistical analysis of the binding
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Figure 1. SA2 does not show binding preference for telomeric or centromeric DNA sequences but recognizes DNA ends. A, SDS-polyacrylamide gel of
purified full-length SA2 (black arrow, left panel) and three DNA substrates used for AFM imaging (right panel). Band C, representative AFM images of SA2 on the
centromeric (B, Cen-mid) or telomeric (C, T270) DNA substrates. White arrows point to SA2 binding to DNA ends. xy scale bars, 200 nm. D, position distributions
of SA2 on DNA substrates containing telomeric (T270; n = 283) or centromeric sequences close to one end (Cen-end; n = 275) or in the middle (Cen-mid; n =

298). Error bars, S.E. from at least three independent experiments.

position of SA2 on DNA revealed that SA2 did not bind specif-
ically to either the centromeric or telomeric sequences (Fig.
1D). However, on all three DNA substrates, the majority of SA2
molecules were bound at the DNA ends. Furthermore, DNA
end binding by SA2 was independent of the internal DNA
sequence, the position of the centromeric region, or the pres-
ence of single-stranded overhangs at the terminal ends (4-nt
3'-overhang on Cen-end DNA; Fig. 1D).

To further quantify the SA2-binding specificity for DNA
ends, we applied the analysis based on the fractional occupan-
cies of SA2 at DNA ends (46). SA2-binding specificities for
DNA ends (S = DNA binding constant for specific sites/DNA
binding constant for nonspecific sites = Kqp/Kygp) are 2945 =
77,2604 *+ 68, and 2129 * 76, respectively, for T270, Cen-end,
and Cen-mid DNA substrates. In addition, in contrast to SA2
alone, DNA-bound SA2 formed higher-order oligomeric com-
plexes with average AFM volumes of 1025 * 88 and 898 = 63
nm?, respectively, at DNA ends and internal sites (Fig. S1C).
Based on the calibration curve relating protein molecular
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weights and AFM volumes (44), these AFM volumes corre-
spond to approximately five and four SA2 molecules, respec-
tively, at the DNA ends and internal sites. In summary, SA2
does not specifically bind to centromeric sequences, but binds
DNA ends with high specificities that are independent of DNA
sequences and short (4-nt) single-stranded overhangs.

SA2 binds to the ssDNA gap with high specificities

Previously, it was established that cohesin deposition and
establishment occur in concert with lagging strand-processing
(47). ssDNA gaps are intermediate structures on lagging strand
during DNA replication. To directly test whether or not SA2
binds to ssDNA gaps, we used a previously established method
to generate a linear substrate containing an ssDNA gap (37 nt)
flanked by dsDNA arms (Fig. 2A4). This method was based on
the generation of four closely spaced nicks using DNA nickase
and subsequent removal of short ssDNA between nicked sites
using complementary oligonucleotides (48, 49). After restric-
tion digestion of the circular gapped DNA, the ssDNA gap
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Figure 2. SA2 specifically binds to ssDNA gaps. A, generation of the linear gapped DNA substrate. Gapped DNA was created using pUC19-derived pSCW01
plasmid (duplication of 2030 bp) that contains closely spaced Nt.BstNBI nicking sites. After restriction digestion, the resulting ssDNA gap (37 nt) is located at 470
nt (23%) from one end of the linear DNA fragment (2030 bp). B, representative AFM images of the full-length SA2 complex binding to the linear gapped DNA
substrate. The contour length of the linear gapped DNA was measured as L. = 622.5 * 41.3 nm. xy scale bars, 200 nm. C, statistical analysis of the position
distribution of the full-length SA2 complex on the linear gapped (n = 251) and non-gapped (n = 201) DNA as well as the full-length SA1 on the gapped DNA
substrate (n = 295). The position of SA2 was measured from the closest DNA end (0-50%). Consequently, there are two binding sites for DNA ends and one
binding site for ssDNA gap. Each data set was obtained from at least two independent experiments. Error bars, S.E.

is at 470 nt (23%) from one end of the DNA (blunt end; Fig. 24
and Fig. S2A). Based on diagnostic restriction digestion at the
gapped region, DNA gapping efficiencies were typically
85-95% (Fig. S2B). To further confirm the presence of the
ssDNA gap, the position distribution of mitochondrial single-
stranded DNA-binding protein on this DNA substrate was ana-
lyzed. Mitochondrial single-stranded DNA-binding protein
predominantly bound to the expected ssDNA region on the
gapped DNA substrate, whereas its binding on the nicked DNA
substrate was random. In summary, these results established
the presence of a ssDNA gap at the defined location on the
linear gapped DNA substrate.

Next, to study whether or not SA2 specifically binds to
ssDNA gaps, we directly compared SA2 binding on non-gapped
(without nickase treatment) with binding on gapped DNA sub-
strates (Fig. 2, B and C). AFM imaging showed that on the non-
gapped DNA substrate, SA2, predominantly bound to the DNA
ends, and its distribution at internal sites along the linear DNA
fragment was random (Fig. 2C). This is consistent with position
distributions of SA2 on telomeric and centromeric DNA sub-
strates (Fig. 1D). In stark contrast, the presence of an ssDNA
gap shifted the SA2 binding from the DNA end to a region
consistent with the location of the ssDNA gap (23% along the
length of the DNA; Fig. 2C). Analysis of the fractional occupan-
cies of SA2 on DNA demonstrated that SA2 displayed high

3 P. Kaur and H. Wang, unpublished data.
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binding specificities (S = 1994 = 54) for the ssDNA gap. In
addition, compared with the size of SA2 molecules positioned
outside the gapped regions (1096 * 117 nm?), at the ssDNA
gaps, SA2 formed larger complexes with a broader size distri-
bution (1458 *+ 232 nm?; Fig. S1C).

Because DNA nicking is the intermediate step for generating
DNA gaps, we further tested whether or not SA2 specifically
binds to DNA nicks. First, to evaluate whether SA2 displays
binding specificities for individual nick sites, we generated a
third DNA substrate that is a linear DNA substrate (517 bp)
containing a single nick site at 37% from one DNA end (50).
DNA nicking was confirmed by the observation of slower
mobility of nicked DNA in comparison with its non-nicked
counterpart under gel electrophoresis (Fig. S3A). On the nicked
DNA substrate, SA2 displayed preferential binding to DNA
ends (Fig. S3A). In stark contrast to what was observed on the
gapped DNA substrate, along the nicked DNA substrate, SA2
molecules were randomly distributed at internal sites (Fig.
S3A). Furthermore, on a DNA substrate containing five nick
sites spatially separated from one another, AFM imaging fur-
ther established that SA2 did not show a preference for nicked
sites (Fig. S3B). In addition, a previous study showed that the C
terminus of SA2 confers DNA damage site—targeting specific-
ity on SA1 (51). To further understand SA2 DNA binding, we
investigated whether SA2 with C-terminal domain deletion
retains DNA-binding properties. AFM imaging showed that
SA2 1-1051 retains DNA-binding specificities for DNA ends
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Figure 3. SA2 displays similar binding dynamics on DNA substrates containing centromeric, telomeric, or random sequences. A, schematic of the DNA
tightrope assay. Green and red spheres represent poly-L-lysine-treated silica beads and red QD-labeled protein molecules, respectively. B, QD conjugation
strategy: a His-NTA-biotin-QD sandwich method for conjugating His-tagged SA2 to QDs using ®Ttris-NTA as the linker. C, representative kymographs of
QD-labeled SA2 on centromeric (top), telomeric (middle), and A DNA tightropes (bottom). In all reactions, SA2 protein was incubated with both red (655 nm) and
green (565 nm) QDs at equal molar concentrations. D, diffusion constants of SA2 on centromeric (Cen-DNA; D = 0.10 = 0.02 um?s~ ', n = 48), telomeric (T270;
D=0.10=0.02 um?s~ ', n = 53),0r A (D = 0.09 = 0.02 um?s~ ", n = 48) DNA tightropes. Error bars, S.E.

(S = 1687 = 82) and ssDNA gaps (S = 1813 = 79; Fig. S4). In
contrast, AFM imaging showed that SA1 also displays high
binding specificity for DNA ends (S = 2094 * 38), but not for
the 37-nt ssDNA gap (Fig. 2C) or nick sites (Fig. S5). In sum-
mary, these results show that SA2 displays high binding speci-
ficities for ssDNA gaps, but not DNA nicks. SA2 with C-termi-
nal domain deletion retains binding specificities for DNA ends
and ssDNA gaps.

SA2 carries out sequence-independent unbiased 1D diffusion
on dsDNA

Target search through 3D diffusion and/or dynamic move-
ments on DNA, such as 1D sliding, jumping, and hopping, are
essential for proteins to find their recognition sites on DNA
(52-55). To understand how proteins dynamically achieve
DNA-binding specificities, we developed a DNA tightrope
assay based on oblique angle total internal reflection fluores-
cence microscopy imaging of QD-labeled proteins on DNA
stretched between 1-um-sized silica beads (41, 56 -59). DNA
tightropes (at an elongation of ~90% of the contour length) are
formed between poly-L-lysine—treated silica microspheres
using hydrodynamic flow (Fig. 3A) (57). To generate longer
DNA substrates with specific sequences that can span between
silica microspheres, we ligated linear DNA fragments contain-
ing genomic, telomeric, or centromeric DNA sequences (Fig.
1A) (57). Recently, using the DNA tightrope assay, we observed
that QD-labeled SA1 displays slow subdiffusive events amid
fast unbiased 1D diffusion in a telomeric sequence-dependent
manner (41).

To study SA2-DNA binding dynamics, the streptavidin-
coated QD was conjugated to His-SA2 using biotinylated mul-
tivalent chelator tris-nitrilotriacetic acid (BTtris-NTA) as the

1058 J Biol. Chem. (2018) 293(3) 10541069

linker (Fig. 3B) (60). The three Ni*>"-NTA moieties on the cir-
cular scaffold of the tris-NTA adaptor bind to a His tag with
subnanomolar affinities (60). AFM imaging revealed that QDs
in the presence of only ®'tris-NTA did not have significant
binding affinities for DNA. Under the conditions used in this
study (SA2/QD = 4:1), AFM imaging showed that the majority
(87%) of the SA2-QD conjugates displayed a single SA2 mole-
cule attached to individual QDs (Fig. S6). The addition of His-
tagged SA2 to the ®Ttris-NTA-QD reaction led to the loading of
QDs onto DNA, indicating that QD binding to DNA tightropes
was mediated through SA2. In addition, SA2-QDs retained
DNA-binding specificities toward ssDNA gaps (Fig. S7). To
monitor SA2 binding on DNA in real time, QD-labeled SA2
molecules were introduced into the flow cell using a syringe
pump after DNA tightropes were established between poly-L-
lysine—treated silica microspheres. Then the flow was stopped,
allowing freely diffusing SA2 molecules in solution to bind to
DNA tightropes (Fig. 3C and Movie S1). On all DNA substrates,
SA2-QD molecules on DNA were long-lived, with ~80% of
SA2-QD complexes remaining on DNA tightropes after 2 min
(n = 277). The positions of SA2-QDs were tracked by Gaussian
fitting to intensity profiles to obtain the diffusion constant (41,
56, 57). Importantly, at the same protein concentrations (5 nm
in the flow cell), the diffusion constants of SA2 on A DNA and
DNA tightropes containing either telomeric or centromeric
sequences are indistinguishable (Fig. 3D and Table S1). In addi-
tion, the a-factor (diffusive exponent) was calculated to deter-
mine whether SA2 displayed subdiffusive motion on DNA. An
a-factor of 1 indicates an unbiased random walk, and a value of
<1 indicates periods of pausing in the random walk process
(subdiffusion) (61). Recently, we found that SA1 shows telo-
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of the spacing between SA2-QD complexes on the gapped DNA tightropes (n = 149). The line represents the Gaussian fit to the data (R* > 0.93) with peaks
centered at 0.72 (~2.0 kb), 1.23 (~4.0 kb), and 1.87 (~6.0 kb) um, respectively. Error bars, S.E.

meric sequence—dependent subdiffusive behavior on DNA,
manifested by an a-factor significantly smaller than 1 («a-fac-
tor = 0.69 * 0.03 on telomeric DNA) (41). SA2 displayed free
1D diffusion on centromeric DNA (a-factor = 0.96 *+ 0.02) and
A DNA (a-factor = 0.93 * 0.04) tightropes (Table S1). In com-
parison, the a-factors displayed by SA2 on telomeric DNA
tightropes were only slightly (» = 0.01) lower (0.86 * 0.03). In
summary, fluorescence imaging of QD-labeled SA2 on DNA
tightropes directly shows that SA2 carries out sequence-inde-
pendent 1D diffusion on DNA tightropes containing telomeric,
centromeric, or genomic sequences. These results are consis-
tent with random position distributions of SA2 on both telo-
meric and centromeric DNA substrates shown in AFM images
(Fig. 1D).

SA2 switches between dsDNA and ssDNA gap-binding modes

To study SA2 DNA-binding dynamics on DNA tightropes
containing gaps, we introduced ssDNA gaps after anchoring
ligated DNA between silica microspheres (Fig. 44). Generation
of ssDNA gaps on DNA tightropes was carried out by introduc-
ing the nickase and complementary oligonucleotides in the flow
cell, followed by heating it at 55 °C and washing with high-salt
buffers to remove nickase and excess short ssDNA and dsDNA
(Fig. 2A). Restriction digestion confirmed the presence of
ssDNA gaps on DNA tightropes. YOYO1-stained non-gapped
DNA tightropes between silica microspheres disappeared after
treatment with three restriction enzymes targeting the
sequences between the nickase recognition sites. In contrast,
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the gapped DNA tightropes stayed intact. These observations
confirmed the establishment of ssDNA gaps on DNA tight-
ropes. Compared with SA2 on telomeric (46%), centromeric
(24%), and non-gapped control DNA (39%) on DNA tightropes
containing ssDNA gaps, a significantly (p < 10™°) higher per-
centage of SA2 molecules were static (81%; Fig. 4 (B and C) and
Table S1). In addition, the density of SA2 on gapped DNA tight-
ropes increased with higher SA2 concentrations (Fig. 4B, com-
pare top and bottom). To evaluate whether or not the static
SA2-binding events occurred at the gapped region, we mea-
sured the distance between nearest neighbor SA2-QD pairs.
The distribution of this distance shows three distinct peaks
centered at 0.72, 1.23, and 1.87 um, respectively (Fig. 4D),
which are consistent with the expected spacing between ssDNA
gaps on the ligated DNA tightropes (Fig. 4A4). In stark contrast,
on DNA tightropes containing nicks, the spacing between near-
est neighbor SA2-QD pairs was random (Fig. S3C).

To further confirm that DNA-binding dynamics of SA2 on
gapped DNA tightropes is distinctly different from that on
nicked DNA, we compared the diffusion constant and a-factor
of mobile SA2 on DNA containing ssDNA gaps and A DNA
(untreated or nicked) tightropes (Fig. 54). We introduced
nicked sites by incubating A DNA with Nt.BstNBI nickase. To
remove nickase, nicked A DNA was further purified using phe-
nol chloroform extraction before being introduced into the
flow cell. A DNA has >40 Nt.BstNBI nickase sites, with spatial
separation ranging from 13 to >2000 bp. To observe mobile
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Figure 5. SA2 switches between searching and recognition modes on DNA tightropes containing ssDNA gaps. A, comparison of SA2 diffusion constants
and a-factors on gapped DNA (n = 28), nicked A DNA (n = 20), and non-nicked A (n = 20) DNA (Table S1). Final SA2 concentration was 0.6 nm in the flow cell.
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centromeric (Cen-DNA), and telomeric (T270) DNA tightropes. Histograms of D,,,, are shown in Fig. S8. Error bars, S.E.

SA2 complexes on DNA tightropes, the final SA2-QD concen-
tration in the flow cell (0.6 nm) was kept the same across all
DNA substrates but lower than the standard concentration (5
nym; Fig. 3 and Table S1). On gapped DNA tightropes, SA2
showed a significant (p < 0.02) decrease in the diffusion con-
stant and a-factor (D = 0.01 *+ 0.003 wm? s~ * and a-factor =
0.70 = 0.05) compared with untreated A (D = 0.13 * 0.03 um?
s~ and a-factor = 0.96 = 0.03) or nicked A DNA tightropes
(D =0.08 = 0.03 wm?s™ ' and a-factor = 0.94 + 0.04; Fig. 5A).

Interestingly, on the gapped DNA tightropes, a subpopula-
tion of mobile SA2 molecules (# = 21 of 150) alternated
between mobile and static binding modes (Fig. 5B and Movie
S2). These apparent static binding events could be due to SA2
binding or sliding within a narrow range below the resolution of
our imaging platform (16 nm after Gaussian fitting) (57). The
pairwise distance between nearest neighbor static SA2-binding
positions was 0.60 = 0.19 um (n = 21), which is consistent with
the spacing between two adjacent ssDNA gaps (2.0 kb) on DNA
tightropes (Fig. 44). To further compare SA2 DNA-binding
dynamics on different DNA substrates, we calculated a time
interval-based diffusion constant (D,,,, Fig. S8) by mobile SA2
using a “sliding window” (40-frame, 2 s) mean square displace-
ment (MSD) analysis (41). This analysis indicated that distinct
from the unbiased 1D diffusion mode (D, ~1.0 X 10™> um?>
s~ ') on the centromeric (Fig. S8A), telomeric (Fig. S8B), and A
DNA (Fig. S8C), mobile SA2 molecules displayed an additional
population with D, , values centered at ~1.0 X 10~ * um?s™'
on gapped DNA tightropes (Fig. S8D). Furthermore, we used a
D, value of 1.0 X 10™* um? s~ ' as the threshold value to
identify individual static binding events. This value is based on

1060 J. Biol. Chem. (2018) 293(3) 10541069

the nominal diffusion constant values measured from static
protein-QDs on DNA tightropes (41). This analysis indicated
that on the gapped DNA tightropes, mobile SA2 molecules dis-
played a significantly (p = 0.002) higher percentage (~20%) of
time windows (40-frame, 2 s) in the static binding mode (Fig.
5C) compared with other DNA substrates (<8% for telomeric,
centromeric, A, and non-gapped control).

Taken together, fluorescence imaging of QD-labeled SA2
establishes that SA2 alternates between two DNA-binding
modes on gapped DNA: unbiased 1D diffusion on dsDNA
(search mode) and stable binding (recognition mode) at ssDNA

gaps.

SA2 forms higher-order oligomeric complexes and can bypass
diffusion barriers on DNA

In AFM images, whereas SA2 alone mainly existed as mono-
mers, SA2 formed higher-order oligomers on DNA (Fig. S1C).
Consistent with these observations using AFM, SA2-QDs with
brighter intensities were observed to break up into multiple
fainter ones (Fig. S9A, yellow arrows). This observation indi-
cated that the brighter SA2 complexes were higher-order olig-
omers. To determine how SA2 dynamically forms higher-order
oligomeric complexes on DNA, we analyzed instances where a
mobile SA2 molecule encountered additional stationary or
mobile SA2 molecules. The overwhelming majority (92%, n =
49) of SA2-SA?2 interactions on DNA were collisions that did
not form complexes. However, there were cases (8%) of initial
separate mobile SA2 molecules that collided and then diffused
in synchronicity with brighter intensity than individual mole-
cules (Fig. S9A, white arrows). The diffusion constant of larger
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Figure 6. SA2 binds to both dsDNA and ssDNA substrates and shows preference for DNA substrates mimicking intermediate structures during DNA
recombination, repair, and replication. A, schematic illustration of DNA substrates used for fluorescence anisotropy experiments with numbers in black
correlating with the sequences outlined in Fig. STOA. The numbers in nt and bp denote the lengths of the ssDNA and dsDNA regions, respectively, on the DNA
substrates. The green star represents the fluorescent dye (Alexa 488). B-D, fluorescence anisotropy experiments showing concentration-dependent binding of
SA2 to ssDNA (B; 15, 25,45, and 66 nt), dsDNA (C; 25, 45, and 66 bp), and DNA with secondary structures (D; overhang, flap, fork, and replication fork). The data
were fitted to the law of mass action. The equilibrium dissociation constants are summarized in Table S2.

oligomers of SA2 on DNA tightropes (n = 9 complexes on
centromeric, telomeric, and gapped DNA) is 0.01 + 0.02 um?
s~ ', which is ~10 times slower than individual SA2 complexes
observed in the DNA tightrope assay. For SA2 oligomers, only
7.6% of the time windows (n = 3079) shows D, , values <1.0 X
10~* wm? s~ !, which is consistent with the a-factor (0.92 +
0.04) and suggests that these higher-order oligomers of SA2
carried out unbiased 1D diffusion without significant pausing
events. Combined with the observation that SA2 by itself
mainly exists in the monomeric form (Fig. S1A4), these results
imply that SA2 binds directly to DNA as monomers from the
solution; the assembly of higher-order SA2 complexes on DNA
is promoted through 1D diffusion and direct interactions
between SA2 molecules on DNA.

Proteins that maintain continuous close contact with DNA
during sliding are unable to circumnavigate obstacles posed by
another protein on DNA. In contrast, a hopping mechanism in
which a protein microdissociates and reassociates with DNA
within a distance comparable with or greater than the dimen-
sion of DNA-bound proteins could enable it to transverse these
diffusion barriers. Previously, single-molecule imaging has
revealed hopping by a DNA repair protein (Mlh1-Pmsl) and
p53 (62, 63). We observed instances of mobile SA2 molecules
(n = 4 of 49 colliding SA2 pairs) bypassing another DNA-
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bound SA2 molecule (Fig. S9B and Movie S3). This bypass fre-
quency is comparable with what was observed with Mlh1-Pms1
(62).

SA2 binds to DNA intermediate structures associated with
DNA repair and replication

To further investigate DNA structures that SA2 recognizes,
we next used a fluorescence anisotropy assay and compared
SA2 binding to ssDNA (66, 45, and 25 nt) and dsDNA (66, 45,
25, and 15 bp) of different lengths (Fig. 64 and Fig. S10). These
experiments showed that SA2 binds to double- and single-
stranded DNA substrates in a length-dependent manner (Fig. 6
(Band C) and Table S2). There was no detectable SA2 binding
for 25-bp DNA, indicating that the binding site size of SA2 on
dsDNA is >25 bp (Fig. 6C). Importantly, for all dsDNA and
ssDNA substrates tested, SA2 displays consistently higher
binding affinities for ssDNA (66, 45, and 25 nt) than for dsSDNA
at the same length (Table S2). In addition, SA2 DNA-binding
affinity for telomeric sequences (K, = 88.0 = 1.5 nm) is com-
parable with that for non-telomeric DNA (K, = 76.2 = 3.9 nm
and Table S2).

Previous studies have demonstrated the role of the cohesin
complex in DNA recombination and restart of DNA replication
after fork stalling (64, 65). Therefore, we investigated a series of
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DNA substrates (overhang, flap, fork, and replication fork) that
mimic DNA recombination, repair, and replication intermedi-
ates (Fig. 6 (A and D) and Fig. S10) (20). SA2 shows higher
DNA-binding affinities for DNA substrates with secondary
structures, including overhang (K, = 56.4 = 9.0 nm), flap (K, =
103.8 = 11.7 nm), fork (K, = 58.4 £ 9.4 nm), and replication
fork (K, = 132.7 = 33.5 nm) substrates than for dsDNA (K, =
175.3 = 12.9 nM) of the same length (Fig. 6D and Table S2). It is
worth noting that among four DNA substrates with secondary
structures, SA2 displays higher binding affinities for overhang
and fork DNA substrates that contain double- and single-
stranded junctions (Fig. 6D and Table S2). With C-terminal
domain deletion, SA2 1-1051 retains DNA-binding affinities,
with K, of 28.0 and 198.2 num for ssDNA (66 nt) and dsDNA (66
bp), respectively (Fig. S11, A and B). In comparison, SA1 also
displayed ssDNA-binding affinities with K, of 36.5 nm (66 nt;
Fig. S110).

To investigate whether or not SA2 binds to DNA sub-
strates with secondary structures in the context of long lin-
ear dsDNA, we generated DNA substrates containing a flap,
single-stranded fork, or replication fork by filling in the
37-nt ssDNA gap region (Fig. 24) with unique oligonucleo-
tides (Fig. 7A and Fig. S10C). The success of the annealing of
additional oligonucleotides to the gapped region and formation
of the dsDNA tail on the replication fork substrate were vali-
dated using restriction digestion and by monitoring the fluores-
cence signal from the second oligonucleotide duplexed to the
ssDNA fork (Fig. S2C). Incubation of SA2 with flap, single-
stranded fork, or replication fork DNA substrates led to SA2-
DNA complexes with heights (1.5 = 0.9 nm, n = 295; Fig. 7
(B-D)) that were significantly (p < 0.05) greater than DNA
alone. Analysis of the fractional occupancies of SA2 on the lin-
ear flap, single-stranded fork, and replication fork DNA sub-
strates in AFM images demonstrated that for all three sub-
strates (Fig. 7, E-G), SA2 displayed binding specificities (S =
4261 for flap, S = 2950 for single-stranded fork, and § = 3147
for replication fork) that were higher than what was observed
for the ssDNA gap (S = 1994).

To further investigate whether or not SA2 directly binds to
the junction at a DNA replication fork, we created a replication
fork template containing a duplex circle (3429 bp) with a
dsDNA tail (373 bp) and a 25-nt ssDNA gap at the junction of
the circle and the tail (Fig. 84). The replication fork template
was created by generating an ssDNA tail through nick transla-
tion using the Klenow fragment over a 398-bp G-less cassette in
the absence of dCTP. A dsDNA tail was then created by anneal-
ing an oligonucleotide to the ssDNA tail and strand extension
by the Klenow fragment. Analysis of AFM images of the circular
replication fork substrate showed that 80% of the circular DNA
molecules contain dsDNA tails with the expected length
(129.5 £ 19.6 nm, n = 45; Fig. 8B), which corresponds to ~400
bp, assuming 0.32 nm/bp. Upon incubation of SA2 with the
circular DNA replication template, AFM imaging revealed that
26% of the circular replication DNA molecules (n = 242) were
bound by SA2 complexes with heights (1.6 = 0.9 nm) signifi-
cantly greater than DNA alone. Furthermore, the majority of
SA2 molecules (55.6%) bound at the junction of the replication
fork (Fig. 9C), whereas the rest of SA2 complexes bound either

1062 J Biol. Chem. (2018) 293(3) 10541069

at the end of the dsDNA tail (12.7%) or along the circular
dsDNA region (31.7%). These results are comparable with what
was observed for p53, WRN helicase, and the UL8 subunit from
the herpes simplex virus replication machinery on the same
DNA substrate (66, 67).

Taken together, these results clearly establish that SA2 binds
to both ssDNA and dsDNA in a length-dependent manner,
albeit with a higher binding affinity for ssDNA than for dsSDNA.
SA2 does not specifically bind to telomeric sequences.
Importantly, both fluorescence anisotropy and AFM imag-
ing established that SA2 preferentially binds to DNA sub-
strates mimicking intermediate structures that occur during
DNA recombination, repair, and replication (68).

Knockdown of SA2 leads to decreased frequency of
HR-mediated DNA DSB repair

The observation of binding by SA2 to DNA with secondary
structures, such as longer single-stranded DNA overhangs and
single-stranded DNA flaps, raises the possibility that SA2 plays
a direct role in genome maintenance pathways, such as DNA
DSB repair. However, previous studies of cohesin function in
these pathways were carried out only in the context of knocking
down the cohesin ring subunits or by measuring the frequency
of sister chromatid exchange (51, 65). Based on the observation
that SA2 has higher affinity for ssDNA than dsDNA and binds
to DNA with secondary structures that could be intermediates
of HR, we examined whether SA2 is involved in HR-mediated
repair of DNA DSB using a previously established DR-GFP
reporter assay (Fig. 94) (69). DR-GFP U20S cells used in this
study contain a single chromosomally integrated copy of the
DR-GFP reporter. DR-GFP consists of two differentially
mutated GFP genes (Sce-GFP and iGFP) oriented as direct
repeats and separated by a drug selection marker (Fig. 94).
Transfection of I-Scel endonuclease introduces a DSB in Sce-
GFP. Homologous recombination through non-crossover
short-tract gene conversion (the majority of HR events in mam-
malian cells for the DR-GFP reporter system) using the down-
stream iGFP repeat as the repair template restores a functional
GEFP that can be detected by flow cytometry. The DR-GFP
reporter assay has a sensitivity for detecting recombinants at a
level of 10~ * or less (70). I-Scel expression in DR-GEP U20S
cells after transfection of a control siRNA led to 5.8 = 0.35% of
cells being GFP-positive, which is consistent with previous
studies (71). Importantly, with I-Scel-induced DNA DSBs,
knocking down SA2 using siRNA with the same sequence as
what was used in previous studies (35, 36, 72) (Fig. 9B) signifi-
cantly (p < 0.005) reduced the HR frequency to ~75% of what
was observed with control siRNA (Fig. 9C). In summary, these
results directly demonstrate that SA2 facilitates HR-mediated
DNA DSB repair.

Discussion

Despite the importance of SA2 in multiple genome mainte-
nance pathways, the mechanisms underlying the function of
SA2 had been elusive. In this study, we establish that SA2 pref-
erentially binds to DNA ends and DNA substrates, mimicking
the intermediate structures during DNA recombination,
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Figure 7. Full-length SA2 recognizes flap, fork, and replication fork structures on linear dsDNA. A, schematic models of the linear dsDNA substrates
containing flap (left), single-stranded fork (middle), and replication fork (right) structures at 23% from one DNA end. The substrates were generated by filling the
37-nt ssDNA region with different oligonucleotides with sequences shown in Fig. S10C. Validation of the DNA substrates is shown in Fig. S2C. B-D, represen-
tative AFM images of the full-length SA2 complexes binding to linear DNA substrates containing flap (B), single-stranded fork (C), and replication fork (D). xy
scale bars, 100 nm. E-G, statistical analysis of the position distribution of the full-length SA2 complex on the linear DNA containing flap (E; n = 125), single-
stranded fork (F; n = 146) DNA, and replication fork (G; n = 126). The position of SA2 was measured from the closest DNA end (0-50%). Each data set was

obtained from two independent experiments.

repair, and replication. These findings have important implica-
tions for understanding the function of cohesin in diverse
genome maintenance pathways.

It is well established that SA1 and SA2 have overlapping as
well as unique functions (35, 73, 74). Cohesin SA1 plays a more
prominent role than SA2 in the regulation of gene expression
(74). One major structural difference between SA1 and SA2
proteins is found in the first 75 amino acids of their N-terminal
domains (36). Only SA1 contains an AT-hook motif at its
N-terminal domain. In a recent study, we propose a model in
which SA1 is the “DNA sequence guide” (using its AT-hook
motif) and directs the loading of the core cohesin complex at
AT-rich DNA sequences along the genome (41). In this study,
fluorescence anisotropy experiments demonstrate that SA2
displays higher binding affinities for ssDNA compared with
dsDNA. On the other hand, SA1 displays comparable DNA-
binding affinities for double-stranded telomeric DNA (K, =
34.0 = 5.8 nMm) (41) and ssDNA (K, = 36.5 = 0.2 nm). Therefore,
the specificity of SA1 for ssDNA gaps can be masked by its
preference for AT-rich sequences. The overlapping DNA-
binding properties between SA1 and SA2 that we demonstrate
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in this study are consistent with a recent report of synthetic
lethality between SA1 and SA2 across different cancer contexts
(75).

In this study, we discovered that unlike SA1 (41), SA2 does
not specifically recognize either telomeric or centromeric DNA
sequences. However, strikingly, fluorescence anisotropy shows
that SA2 binds to single-stranded DNA and DNA with second-
ary structures (overhang, flap, fork, and replication fork) with
higher affinities compared with dsDNA of the same length.
Consistent with this observation, AFM imaging shows that SA2
binds to DNA ends and ssDNA gaps with high specificities. It
was predicted that DNA ends have a propensity to fray at phys-
iological temperature, which leads to a DNA fork structure with
exposed ssDNA (76). Consistent with this theoretical predic-
tion, experiments using 2-aminopurine—substituted DNAs
showed enhanced base-flipping activity near DNA ends (77).
Consequently, binding of SA2 to DNA ends may be related to
its higher binding affinity for DNA with secondary structures,
including single-stranded fork. In contrast, the non-ring sub-
units in the human SMC5/6 complex, hNSE1/3/4, which are
also involved in DNA repair and replication, does not exhibit
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Figure 8. Visualization of the full-length SA2 binding to the junction at the DNA replication fork structure. A, schematic model of the replication fork
template containing a duplex circle (3429 bp) with a dsDNA tail (373 bp) and a 25-nt ssDNA gap at the junction of the circle and the tail. The DNA replication
fork was created by first generating a 398-nt ssDNA tail using the Klenow fragment in the absence of dCTP after nicking, followed by conversion of the ssDNA
tail to a dsDNA tail through extension of an annealed oligonucleotide. B, representative AFM images of the circular DNA replication fork substrate. C,
representative AFM images of SA2 binding to the junction at the DNA replication fork (white arrows, left and middle panels), at the end of the dsDNA tail (purple
arrow, left panel), and along the circular dsDNA (white arrow, right panel). xy scale bars, 200 nm.

preferential binding to DNA repair and replication—mimicking
substrates (78).

SA2 is capable of switching between the diffusive binding
(search) mode over dsDNA regions and the stable binding (rec-
ognition) mode at the ssDNA gap. Several lines of evidence
support that these two DNA-binding modes are reversible,
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Figure 9. Knockdown of SA2 leads to decreased frequencies of HR-mediated DNA DSB repair. A, schematic of the DR-GFP construct integrated into U20S
cells. The construct contains two tandem repeats of non-functional GFP gene interrupted by a puro cassette. The upstream GFP is rendered non-functional by
replacing the Bcgl site with the I-Scel restriction enzyme recognition site (Sce-GFP). The downstream repeat is an internal fragment (iGFP) containing the Bcgl
site. I-Scel enzyme expression results in a double-strand break at the recognition site, which, if repaired by HR using the downstream template, results in
functional GFP gene expression. The figure is adapted from Gunn et al. (69). B,immunoblot showing knockdown of SA2 by two independent siRNAs in DR-GFP
U20S cells. C, bar graph demonstrating significant decrease in HR frequency upon loss of SA2 in DR-GFP U20S cells 96 h after being transfected with the I-Scel
plasmid. Data are represented as -fold change in frequency of HR events over baseline (siCtrl). The results (mean = S.D. (error bars)) are from three independent
experiments (30,000 live cells/sample). **, p < 0.005.
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the unbiased 1D diffusion mode (~1.0 X 10~> um?® s '; Fig.
S8), on gapped DNA tightropes, mobile SA2 molecules display
an additional population with D, values centered at ~1.0 X
10~* wm? s~ . Taken together, our results from bulk fluores-
cence anisotropy and single-molecule experiments strongly
suggest that SA2 might play a more prominent role than SA1 at
intermediate DNA structures during DNA repair, recombina-
tion, and replication.

The crystal structure of human SA2 resembles the shape of
an oriental dragon (39, 40). Surface electrostatic potential
reveals three positively charged surface patches on SA2 that
could be used for nucleic acid binding (Fig. S12). Patch 1 is
along the groove located underneath the snout. Patch II is
located on the tail of the dragon-shaped molecule and directly
faces the back of the dragon head. Another positively charged
region, patch III, is found at the backside of the dragon head. A
large number of positively charged residues on these three sur-
face patches could potentially mediate interactions with the
DNA phosphate backbone. For patch I, the size of the groove
under the snout may restrict binding to ssDNA, thus explaining
the preference of SA2 for ssDNA over dsDNA molecules. It
remains to be determined how much flexibility there is in the
overall shape of SA2, as the relative disposition of the dragon
head and tail should profoundly impact the affinity of SA2
toward different structured DNA substrates.

Cohesin is required for sister chromatid cohesion at the time
of DNA replication or shortly thereafter (79). However, pro-
tein-DNA structures that direct the loading of cohesin at the
replication fork and the timing of cohesion events relative to the
progression of the DNA replication fork are not fully under-
stood (80). Previous studies of cohesin loading onto DNA had
been focused on the three ring subunits and their regulators.
The results from this study shed new light on a previously
uncharacterized function of SA2 in DNA binding. ssDNA gaps
and flap structures between Okazaki fragments are generated
on the lagging strand after DNA synthesis and displacement of
the initial RNA primers (81). Eukaryotic Okazaki fragments
(~150-200 nt) are much shorter than the prokaryotic frag-
ments (~1200 nt). For every human cell division, >10 million
Okazaki fragments are generated. Polymerase & displacement
synthesis on the lagging strand leads to the formation of pri-
marily short flaps, up to 8 nucleotides in length, and a popula-
tion of flaps up to 20 —30 nucleotides. With only slightly weaker
affinity for ssDNA in comparison with the single-stranded
DNA-binding protein RPA (K, = 20 nM for 50-nt ssDNA) (82),
we expect that SA2 is capable of competing with RPA. ssDNA
gap and flap structures on the lagging strand during DNA rep-
lication provide ample opportunities for recruiting SA2 during
DNA replication. Furthermore, our AFM imaging revealed
preferential binding of SA2 at the junction of DNA replication
fork (Fig. 8). SA2 can switch between the 1D diffusing (search)
mode on dsDNA and stable binding (recognition) mode at
ssDNA gaps. Diffusion across dsDNA and ssDNA regions with-
out dissociation would allow individual SA2 molecules to
navigate on the lagging strand to form multiprotein SA2
complexes. Recently, single-molecule imaging of QD-labeled
S. pombe cohesin complexes on DNA curtains suggests that to
accommodate both the leading and lagging strands during
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DNA replication, the bracelet and handcuff models in which
each cohesin complex binds to separate DNA strands are most
appealing (34). Furthermore, it was shown that the hinge
domains SMC1/SMC3 from various organisms contain a basic
patch (83). The basic patch in Bacillus subtilis SMC (BsSMC) is
essential for basal DNA binding by the SMC subunits (84).
Importantly, single-molecule fluorescence imaging revealed
that BsSMC slides on DNA with diffusion constants consistent
with BsSMC making significant contact with DNA during dif-
fusion (85). The findings from this study and previous ones
strongly suggest that DNA binding by cohesin is a multistep
process involving a composite array of protein-DNA interac-
tions (86).

In addition to DNA replication, cohesin also plays important
roles in DNA DSB repair. The observation of preferential bind-
ing by SA2 to DNA with secondary structures (overhang, flap,
fork, and replication fork) raises another possibility in which
SA2 and the cohesin ring bind to separate DNA strands during
DNA recombination and repair, perhaps in concert with the
MRE11-RAD50-NBS1 (MRN) complex (87). Whereas it has
been widely reported that cohesin localizes to dsDNA breaks
induced by radiation, enzyme digestion, or DNA replication
through DNA lesions (29, 30, 32, 88-91), the mechanism
underlying cohesin recruitment to regions of dsDNA break is
poorly understood. Our observations of HR-mediated DNA
DSB repair defect upon knockdown of SA2 are consistent with
a previous report showing SA2 recruitment to DSBs and its role
in sister chromatid exchange (51). DNA binding by SA2 and its
function in HR-mediated DSB repair reported in this study sug-
gest that single-stranded resected DNA, an intermediate struc-
ture present during HR, provides the preferred binding site for
SA2 and “structure anchor” for the cohesin complex at the
DSBs. These results are consistent with a model in which load-
ing of SA2 at the DSBs in coordination with entrapment of its
homologous region within the cohesin ring facilitates the HR-
mediated DNA DSB repair.

In summary, combining results from this study and a previ-
ous one focusing on SA1 (41), we propose that SA1 and SA2
function at specific DNA sequences and structures. The unique
roles of SA1 and SA2 are mediated by the difference in their
DNA-binding properties. Future studies are needed to identify
the DNA-binding domains on SA2 to further define the role of
DNA binding by SA2 and other HEAT repeat—containing
cohesin and condensin subunits in different DNA maintenance
pathways.

Experimental procedures
AFM imaging and image analysis

Proteins (60 nMm for non-gapped, gapped, and nicked DNA
and 160 nu for linear flap, single-stranded fork, replication fork,
and circular replication fork DNA) and DNA (2.3 nm for non-
gapped, gapped, and nicked DNA and 8 nu for linear flap, sin-
gle-stranded fork, replication fork, and circular replication fork
DNA) were incubated in the SA2-DNA reaction buffer at room
temperature for 20 min. The SA2-DNA reaction buffer con-
tains 20 mm Hepes (pH 7.5), 100 mm KCl, and 0.1 mm MgCl,.
All samples were diluted 10-fold in 1 X AFM imaging buffer (25
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mM NaOAc, 25 mm HEPES-KOH (pH 7.5), and 10 mm
Mg(OAc),) before being deposited onto a freshly cleaved mica
surface (SPI Supply). The samples were then washed with Mil-
liQ water and dried under nitrogen gas. All images were col-
lected in the AC mode using MFP-3D-Bio AFM (Asylum
Research) and Pointprobe® PPP-FMR probes (Nanosensors,
spring constants at ~2.8 N m ™ '). All images were captured at a
scan size of 1-3 um X 1-3 um, a scan rate of 1-2 Hz, and a
resolution of 512 X 512 pixels. The positions of SA1 and SA2
proteins on DNA were analyzed using software from Asylum
Research. DNA-binding specificities (relative affinity of a pro-
tein binding to a specific site versus a nonspecific site: S = K¢/
K, sp) for DNA ends and ssDNA gaps were calculated based on
a method established previously (46),

Asp
S=NX-—+1
Ansp

(Eq. 1)
where Agp and Aygp are the areas (total number of protein-
DNA complexes) in the specific and nonspecific binding
regions, respectively, in the protein position distribution histo-
gram. N is the number of DNA-binding sites on the linear DNA
substrate. The AFM volumes of SA2 complexes were deter-
mined using Gwyddion software. Molecular weights of SA2
complexes were estimated based on the calibration curve relat-
ing the protein molecular weight (M,) and AFM volume (V, in
nm?), V = 1.45 X M, — 21.59 (44).

Protein-QD conjugation

Biotinylated multivalent chelator ®"tris-NTA was prepared
according to the previous report (60). For single-color QD
labeling of His,-tagged WT and mutant SA2 proteins, 0.5 ul of
red (655 nm) streptavidin-conjugated QDs (Invitrogen; 1 um)
was incubated with P tris-NTA (2 ul of 2 um) for 20 min. Pro-
teins (1 pl of 2 um) were then added to the QD-NTA solution
and incubated in the SA2-DNA reaction buffer for an addi-
tional 20 min. For experiments using dual-color labeled QDs,
equal molar concentrations of green (565 nm) and red (655 nm)
QDs were incubated with *Ttris-NTA. For fluorescence imag-
ing, unless otherwise specified, protein-NTA-QD solutions
were diluted 200-fold before being introduced into the flow cell
(5 nM final protein concentration) in the SA2-DNA reaction
buffer using a syringe pump (model SP260p, World Precision
Instruments).

Fluorescence imaging of QD-labeled proteins on DNA
tightropes

Fluorescence imaging was carried out with an inverted
microscope (Nikon Ti-E) equipped with a solid-state laser (20-
milliwatt Sapphire DPSS), a 100X objective with a numerical
aperture of 1.49 (APO TIRF; Nikon), and an electron-multiply-
ing CCD camera (iXon DU897, Andor Technology) (57). Con-
struction of the flow cell and formation of DNA tightropes
between beads were carried out according to a protocol
described previously (56, 57). Polylysine coating enables beads
to remain stationary on the PEG-treated coverslip surface dur-
ing flow stretching of DNA. All data analysis was done using
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videos collected from using unstained DNA tightropes and
under no buffer flow.

The MSD for 1D diffusion as a function of time interval is
given by the following,

N—n

1
MSD(nAt) = o—— 2 (Xien — x)? (Eq.2)
i=1

where N is the total number of frames in the trajectory, # is the
number of frames for different time intervals, Az is the time
between frames, and «; is the position of the protein-QD on the
DNA tightrope in the frame i. The 1D diffusion constant (D)
and a-factor (diffusion exponent) were analyzed by a custom
routine developed in LabView based on the following (61).

MSD = 2Dt* (Eq.3)

A protein on DNA tightrope was categorized as being mobile
if the diffusion constant was >5 X 10~* um? s~ ' and the R?
value from data fitting using Equation 2 was >0.8. To detect
static binding events amid 1D diffusion on DNA based on the
time interval—based diffusion constant (D,,,), we developed a
custom MATLAB code to execute “sliding window” (40-frame,
2 s) MSD analysis (41). The custom code is available upon
request.

Fluorescence anisotropy

Hisg-tagged full-length SA2 (amino acids 1-1231, 141 kDa),
an SA2 truncation mutant (amino acids 1-1051), or full-length
SA1 in the DNA-binding buffer (20 mm Hepes (pH 7.5), 0.1 mm
MgCl,, 0.5 mm DTT, 100 mm KCI) was titrated into the binding
solution containing DNA (1 nm) until the millipolarization sta-
bilized. DNA substrates used in the fluorescence anisotropy are
shown Fig. SI0A. The data were plotted and analyzed by using
the equation, P = ((Py,,una — Preo) [protein]/ (K, + [protein])) +
Py,.., where P is the polarization measured at a given total pro-
tein concentration, P, is the initial polarization of Alexa488-
labeled DNA without protein binding, Py.q is the maximum
polarization of DNA due to binding of proteins, and [protein] is
the protein concentration.

DR-GFP reporter assay

The I-Scel-based DR-GFP reporter assay was used to eval-
uate frequency of DNA DSB repair by homologous recombina-
tion as described before (70). DR-GFP—integrated U20S cells
and the pCAGGS vector with I-Scel/GFP were a gift from Dr.
Maria Jasin (Memorial Sloan Kettering Cancer Center) and Dr.
Jeremy Stark (City of Hope National Medical Center). Briefly,
cells were seeded in 24-well plates with reverse transfection of
either scrambled control (siCtrl) or SA2 siRNA (siSA2#1,
Ambion catalog no. 135923; siSA#2, custom-made from Dhar-
macon (5'-GUACGGCAAUGUCAAUAUA-3")). The follow-
ing day, medium containing the siRNA was then removed, and
cells were transfected with I-Scel expression vector along with
controls using Lipofectamine 3000. Cells were harvested after
96 h, and GFP-positive cells were quantified using a BD Biosci-
ences flow cytometer. The experiment was performed in tripli-
cate along with appropriate controls (30,000 live cells/sample).
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Statistical analysis

Data from AFM imaging and DNA tightrope assay except for
the condition at a lower SA2 concentration (0.6 nM) using A
DNA were pooled from at least 2—3 independent experiments.
Unless stated otherwise, the error reported is S.E. Student’s ¢
test was used for evaluation of significance in the difference
between two sets of measurements. The statistically significant
level was set at p < 0.05.

Author contributions—P.C.,,Y.F.,A.G,H.P.,,E.S.,].L,P. K, X. W,
C.W,X.L,N. W, C.Y., and I. T. performed the experiments. P. C.
wrote the Matlab code for analysis.I. T.,]. P, R.R,A.J.R. B, Y. ]. T,
and H. W. were involved in the design of the study and writing of the

paper.

Acknowledgments— We thank the Weninger, Riehn, and Lim groups
at North Carolina State University for technical support, Adam Hall
at Wake Forest University for suggestions, and the Griffith group at
the University of North Carolina (Chapel Hill, NC) for technical
advice on making the circular replication fork substrate. We thank
Keerthik Iyer and Warren Lu (Raleigh Charter High School) for assis-
tance in making circular replication fork DNA and analyzing AFM
images.

References

1. Michaelis, C., Ciosk, R., and Nasmyth, K. (1997) Cohesins: chromosomal
proteins that prevent premature separation of sister chromatids. Cell 91,
35-45 CrossRef Medline

2. Uhlmann, F., and Nasmyth, K. (1998) Cohesion between sister chromatids
must be established during DNA replication. Curr. Biol. 8, 1095-1101
CrossRef Medline

3. Bose, T., and Gerton, J. L. (2010) Cohesinopathies, gene expression, and
chromatin organization. J. Cell Biol. 189, 201-210 CrossRef Medline

4. Nasmyth, K., and Haering, C. H. (2009) Cohesin: its roles and mecha-
nisms. Annu. Rev. Genet. 43, 525-558 CrossRef Medline

5. Holzmann, J., Fuchs, ., Pichler, P., Peters, J. M., and Mechtler, K. (2011)
Lesson from the stoichiometry determination of the cohesin complex: a
short protease mediated elution increases the recovery from cross-linked
antibody-conjugated beads. J. Proteome Res. 10, 780-789 CrossRef
Medline

6. Gruber, S., Haering, C. H., and Nasmyth, K. (2003) Chromosomal cohesin
forms a ring. Cell 112, 765-777 CrossRef Medline

7. Haering, C. H., Lowe, ]., Hochwagen, A., and Nasmyth, K. (2002) Molec-
ular architecture of SMC proteins and the yeast cohesin complex. Mol.
Cell 9, 773-788 CrossRef Medline

8. Ivanov, D., and Nasmyth, K. (2005) A topological interaction between
cohesin rings and a circular minichromosome. Cell 122, 849 -860
CrossRef Medline

9. Murayama, Y., and Uhlmann, F. (2014) Biochemical reconstitution of top-
ological DNA binding by the cohesin ring. Nature 505, 367—371 Medline

10. Skibbens, R. V. (2015) Cell biology: cohesin rings leave loose ends. Curr.
Biol. 25, R108 —R110 CrossRef Medline

11. Skibbens, R. V. (2016) Of rings and rods: regulating cohesin entrapment of
DNA to generate intra- and intermolecular tethers. PLoS Genet. 12,
€1006337 CrossRef Medline

12. Carramolino, L., Lee, B. C.,, Zaballos, A., Peled, A., Barthelemy, L., Shav-
Tal, Y., Prieto, L., Carmi, P., Gothelf, Y., Gonzélez de Buitrago, G., Aracil,
M., Mérquez, G., Barbero, J. L., and Zipori, D. (1997) SA-1, a nuclear
protein encoded by one member of a novel gene family: molecular cloning
and detection in hemopoietic organs. Gene 195, 151-159 CrossRef
Medline

13. Losada, A., Yokochi, T., Kobayashi, R., and Hirano, T. (2000) Identifica-
tion and characterization of SA/Scc3p subunits in the Xenopus and hu-
man cohesin complexes. /. Cell Biol. 150, 405—416 CrossRef Medline

SASBMB

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Cohesin SA2 (STAG2) DNA binding

Sumara, I, Vorlaufer, E., Gieffers, C., Peters, B. H., and Peters, ]. M. (2000)
Characterization of vertebrate cohesin complexes and their regulation in
prophase. J. Cell Biol. 151, 749 -762 CrossRef Medline

Rollins, R. A., Korom, M., Aulner, N., Martens, A., and Dorsett, D. (2004)
Drosophila nipped-B protein supports sister chromatid cohesion and op-
poses the stromalin/Scc3 cohesion factor to facilitate long-range activa-
tion of the cut gene. Mol. Cell. Biol. 24, 3100 -3111 CrossRef Medline
Tedeschi, A., Wutz, G., Huet, S., Jaritz, M., Wuensche, A., Schirghuber, E.,
Davidson, 1. F., Tang, W., Cisneros, D. A., Bhaskara, V., Nishiyama, T,
Vaziri, A, Wutz, A., Ellenberg, J., and Peters, ]. M. (2013) Wapl is an
essential regulator of chromatin structure and chromosome segregation.
Nature 501, 564 -568 CrossRef Medline

Carretero, M., Ruiz-Torres, M., Rodriguez-Corsino, M., Barthelemy, I,
and Losada, A. (2013) Pds5B is required for cohesion establishment and
Aurora B accumulation at centromeres. EMBO J. 32,2938 —2949 CrossRef
Medline

Zhang, N., Kuznetsov, S. G., Sharan, S. K, Li, K,, Rao, P. H., and Pati, D.
(2008) A handcuff model for the cohesin complex. /. Cell Biol. 183,
1019-1031 CrossRef Medline

Piazza, L., Rutkowska, A., Ori, A., Walczak, M., Metz, J., Pelechano, V.,
Beck, M., and Haering, C. H. (2014) Association of condensin with chro-
mosomes depends on DNA binding by its HEAT-repeat subunits. Nat.
Struct. Mol. Biol. 21, 560 -568 CrossRef Medline

Zabrady, K., Adamus, M., Vondrova, L., Liao, C., Skoupilova, H., Nova-
kova, M., Jurcisinova, L., Alt, A., Oliver, A. W., Lehmann, A. R,, and Pa-
lecek, J. J. (2016) Chromatin association of the SMC5/6 complex is depen-
dent on binding of its NSE3 subunit to DNA. Nucleic Acids Res. 44,
1064 —-1079 CrossRef Medline

Solomon, D. A,, Kim, J. S., and Waldman, T. (2014) Cohesin gene muta-
tions in tumorigenesis: from discovery to clinical significance. BMB Rep.
47,299 -310 CrossRef Medline

Watrin, E., Kaiser, F. ], and Wendt, K. S. (2016) Gene regulation and
chromatin organization: relevance of cohesin mutations to human dis-
ease. Curr. Opin. Genet. Dev. 37, 59 — 66 CrossRef Medline

Onn, L, Heidinger-Pauli, J. M., Guacci, V., Unal, E., and Koshland, D. E.
(2008) Sister chromatid cohesion: a simple concept with a complex reality.
Annu. Rev. Cell Dev. Biol. 24, 105—-129 CrossRef Medline

Skibbens, R. V. (2010) Buck the establishment: reinventing sister chroma-
tid cohesion. Trends Cell Biol. 20, 507—513 CrossRef Medline

Uhlmann, F. (2009) A matter of choice: the establishment of sister chro-
matid cohesion. EMBO Rep. 10, 1095-1102 CrossRef Medline

Hauf, S., Roitinger, E., Koch, B., Dittrich, C. M., Mechtler, K., and Peters,
J. M.. (2005) Dissociation of cohesin from chromosome arms and loss of
arm cohesion during early mitosis depends on phosphorylation of SA2.
PLoS Biol. 3, €69 CrossRef Medline

Strom, L., Lindroos, H. B., Shirahige, K., and Sjogren, C. (2004) Postrepli-
cative recruitment of cohesin to double-strand breaks is required for DNA
repair. Mol. Cell 16, 1003—1015 CrossRef Medline

Strom, L., Karlsson, C., Lindroos, H. B., Wedahl, S., Katou, Y., Shirahige,
K., and Sjogren, C. (2007) Postreplicative formation of cohesion is
required for repair and induced by a single DNA break. Science 317,
242-245 CrossRef Medline

Bauerschmidt, C., Arrichiello, C., Burdak-Rothkamm, S., Woodcock, M.,
Hill, M. A,, Stevens, D. L., and Rothkamm, K. (2010) Cohesin promotes the
repair of ionizing radiation-induced DNA double-strand breaks in repli-
cated chromatin. Nucleic Acids Res. 38, 477—487 CrossRef Medline
Cortés-Ledesma, F., and Aguilera, A. (2006) Double-strand breaks arising
by replication through a nick are repaired by cohesin-dependent sister-
chromatid exchange. EMBO Rep. 7, 919-926 CrossRef Medline

Sjogren, C., and Nasmyth, K. (2001) Sister chromatid cohesion is required
for postreplicative double-strand break repair in Saccharomyces cerevi-
siae. Curr. Biol. 11, 991-995 CrossRef Medline

Unal, E., Arbel-Eden, A., Sattler, U., Shroff, R., Lichten, M., Haber, J. E.,
and Koshland, D. (2004) DNA damage response pathway uses histone
modification to assemble a double-strand break-specific cohesin domain.
Mol. Cell 16, 991-1002 CrossRef Medline

J. Biol. Chem. (2018) 293(3) 1054-1069 1067


http://dx.doi.org/10.1016/S0092-8674(01)80007-6
http://www.ncbi.nlm.nih.gov/pubmed/9335333
http://dx.doi.org/10.1016/S0960-9822(98)70463-4
http://www.ncbi.nlm.nih.gov/pubmed/9778527
http://dx.doi.org/10.1083/jcb.200912129
http://www.ncbi.nlm.nih.gov/pubmed/20404106
http://dx.doi.org/10.1146/annurev-genet-102108-134233
http://www.ncbi.nlm.nih.gov/pubmed/19886810
http://dx.doi.org/10.1021/pr100927x
http://www.ncbi.nlm.nih.gov/pubmed/21043528
http://dx.doi.org/10.1016/S0092-8674(03)00162-4
http://www.ncbi.nlm.nih.gov/pubmed/12654244
http://dx.doi.org/10.1016/S1097-2765(02)00515-4
http://www.ncbi.nlm.nih.gov/pubmed/11983169
http://dx.doi.org/10.1016/j.cell.2005.07.018
http://www.ncbi.nlm.nih.gov/pubmed/16179255
http://www.ncbi.nlm.nih.gov/pubmed/24291789
http://dx.doi.org/10.1016/j.cub.2014.12.015
http://www.ncbi.nlm.nih.gov/pubmed/25649818
http://dx.doi.org/10.1371/journal.pgen.1006337
http://www.ncbi.nlm.nih.gov/pubmed/27788133
http://dx.doi.org/10.1016/S0378-1119(97)00121-2
http://www.ncbi.nlm.nih.gov/pubmed/9305759
http://dx.doi.org/10.1083/jcb.150.3.405
http://www.ncbi.nlm.nih.gov/pubmed/10931856
http://dx.doi.org/10.1083/jcb.151.4.749
http://www.ncbi.nlm.nih.gov/pubmed/11076961
http://dx.doi.org/10.1128/MCB.24.8.3100-3111.2004
http://www.ncbi.nlm.nih.gov/pubmed/15060134
http://dx.doi.org/10.1038/nature12471
http://www.ncbi.nlm.nih.gov/pubmed/23975099
http://dx.doi.org/10.1038/emboj.2013.230
http://www.ncbi.nlm.nih.gov/pubmed/24141881
http://dx.doi.org/10.1083/jcb.200801157
http://www.ncbi.nlm.nih.gov/pubmed/19075111
http://dx.doi.org/10.1038/nsmb.2831
http://www.ncbi.nlm.nih.gov/pubmed/24837193
http://dx.doi.org/10.1093/nar/gkv1021
http://www.ncbi.nlm.nih.gov/pubmed/26446992
http://dx.doi.org/10.5483/BMBRep.2014.47.6.092
http://www.ncbi.nlm.nih.gov/pubmed/24856830
http://dx.doi.org/10.1016/j.gde.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26821365
http://dx.doi.org/10.1146/annurev.cellbio.24.110707.175350
http://www.ncbi.nlm.nih.gov/pubmed/18616427
http://dx.doi.org/10.1016/j.tcb.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20620062
http://dx.doi.org/10.1038/embor.2009.207
http://www.ncbi.nlm.nih.gov/pubmed/19745840
http://dx.doi.org/10.1371/journal.pbio.0030069
http://www.ncbi.nlm.nih.gov/pubmed/15737063
http://dx.doi.org/10.1016/j.molcel.2004.11.026
http://www.ncbi.nlm.nih.gov/pubmed/15610742
http://dx.doi.org/10.1126/science.1140649
http://www.ncbi.nlm.nih.gov/pubmed/17626884
http://dx.doi.org/10.1093/nar/gkp976
http://www.ncbi.nlm.nih.gov/pubmed/19906707
http://dx.doi.org/10.1038/sj.embor.7400774
http://www.ncbi.nlm.nih.gov/pubmed/16888651
http://dx.doi.org/10.1016/S0960-9822(01)00271-8
http://www.ncbi.nlm.nih.gov/pubmed/11448778
http://dx.doi.org/10.1016/j.molcel.2004.11.027
http://www.ncbi.nlm.nih.gov/pubmed/15610741

Cohesin SA2 (STAG2) DNA binding

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

Unal, E., Heidinger-Pauli, J. M., and Koshland, D. (2007) DNA double-
strand breaks trigger genome-wide sister-chromatid cohesion through
Ecol (Ctf7). Science 317, 245—-248 CrossRef Medline

Stigler, J., Camdere, G. 0., Koshland, D. E., and Greene, E. C. (2016) Sin-
gle-molecule imaging reveals a collapsed conformational state for DNA-
bound cohesin. Cell Rep. 15, 988 -998 CrossRef Medline

Canudas, S., Houghtaling, B. R., Kim, J. Y., Dynek, J. N, Chang, W. G., and
Smith, S. (2007) Protein requirements for sister telomere association in
human cells. EMBO J. 26, 4867—4878 CrossRef Medline

Bisht, K. K., Daniloski, Z., and Smith, S. (2013) SA1 binds directly to DNA
through its unique AT-hook to promote sister chromatid cohesion at
telomeres. J. Cell Sci. 126, 3493-3503 CrossRef Medline

Huis in 't Veld, P. J., Herzog, F., Ladurner, R., Davidson, 1. F., Piric, S.,
Kreidl, E., Bhaskara, V., Aebersold, R., and Peters, J. M. (2014) Character-
ization of a DNA exit gate in the human cohesin ring. Science 346,
968 -972 CrossRef Medline

Murayama, Y., and Uhlmann, F. (2015) DNA entry into and exit out of the
cohesin ring by an interlocking gate mechanism. Cell 163, 1628 -1640
CrossRef Medline

Hara, K., Zheng, G., Qu, Q., Liu, H., Ouyang, Z., Chen, Z., Tomchick, D.R,,
and Yu, H. (2014) Structure of cohesin subcomplex pinpoints direct
shugoshin-Wapl antagonism in centromeric cohesion. Nat. Struct. Mol.
Biol. 21, 864 —870 CrossRef Medline

Roig, M. B., Lowe, ]., Chan, K. L., Beckouét, F., Metson, J., and Nasmyth, K.
(2014) Structure and function of cohesin’s Scc3/SA regulatory subunit.
FEBS Lett. 588, 3692—3702 CrossRef Medline

Lin, J., Countryman, P., Chen, H., Pan, H.,, Fan, Y., Jiang, Y., Kaur, P., Miao,
W., Gurgel, G., You, C,, Piehler, J., Kad, N. M., Riehn, R., Opresko, P. L.,
Smith, S., et al. (2016) Functional interplay between SA1 and TRF1 in
telomeric DNA binding and DNA-DNA pairing. Nucleic Acids Res. 44,
6363— 6376 CrossRef Medline

Yang, Y., Wang, H., and Erie, D. A. (2003) Quantitative characterization of
biomolecular assemblies and interactions using atomic force microscopy.
Methods 29, 175—-187 CrossRef Medline

Fuentes-Perez, M. E., Dillingham, M. S., and Moreno-Herrero, F. (2013)
AFM volumetric methods for the characterization of proteins and nucleic
acids. Methods 60, 113—121 CrossRef Medline

. Kaur, P.,, Wu, D,, Lin, J., Countryman, P., Bradford, K. C., Erie, D. A,, Riehn,

R., Opresko, P. L., and Wang, H. (2016) Enhanced electrostatic force mi-
croscopy reveals higher-order DNA looping mediated by the telomeric
protein TRF2. Sci. Rep. 6, 20513 CrossRef Medline

Zhang, N, Jiang, Y., Mao, Q., Demeler, B., Tao, Y. J., and Pati, D. (2013)
Characterization of the interaction between the cohesin subunits Rad21
and SA1/2. PLoS One 8, 69458 CrossRef Medline

Yang, Y., Sass, L. E.,, Du, C., Hsieh, P., and Erie, D. A. (2005) Determination
of protein-DNA binding constants and specificities from statistical anal-
yses of single molecules: MutS-DNA interactions. Nucleic Acids Res. 33,
4322-4334 CrossRef Medline

Rudra, S., and Skibbens, R. V. (2012) Sister chromatid cohesion establish-
ment occurs in concert with lagging strand synthesis. Cell Cycle 11,
21142121 CrossRef Medline

Geng, H., Du, C,, Chen, S., Salerno, V., Manfredi, C., and Hsieh, P. (2011)
In vitro studies of DNA mismatch repair proteins. Anal. Biochem. 413,
179-184 CrossRef Medline

Buechner, C. N, and Tessmer, I. (2013) DNA substrate preparation for
atomic force microscopy studies of protein-DNA interactions. J. Mol.
Recognit. 26, 605— 617 CrossRef Medline

Wang, H., Tessmer, I., Croteau, D. L., Erie, D. A, and Van Houten, B.
(2008) Functional characterization and atomic force microscopy of a
DNA repair protein conjugated to a quantum dot. Nano Lett. 8,
1631-1637 CrossRef Medline

Kong, X, Ball, A. R,, Jr, Pham, H. X., Zeng, W., Chen, H. Y., Schmiesing,
J. A., Kim, J. S., Berns, M., and Yokomori, K. (2014) Distinct functions of
human cohesin-SA1 and cohesin-SA2 in double-strand break repair. Mol.
Cell. Biol. 34, 685—698 CrossRef Medline

von Hippel, P. H., and Berg, O. G. (1989) Facilitated target location in
biological systems. J. Biol. Chem. 264, 675—678 Medline

1068 J. Biol. Chem. (2018) 293(3) 10541069

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Gorman, J., and Greene, E. C. (2008) Visualizing one-dimensional diffu-
sion of proteins along DNA. Nat. Struct. Mol. Biol. 15,768 —774 CrossRef
Medline

Wang, F., Redding, S., Finkelstein, I. J., Gorman, J., Reichman, D. R., and
Greene, E. C. (2013) The promoter-search mechanism of Escherichia coli
RNA polymerase is dominated by three-dimensional diffusion. Nat.
Struct. Mol. Biol. 20, 174—181 CrossRef Medline

Heller, L., Hoekstra, T. P, King, G. A., Peterman, E. J., and Wauite, G. J.
(2014) Optical tweezers analysis of DNA-protein complexes. Chem. Rev.
114, 3087—3119 CrossRef Medline

Kad, N. M., Wang, H., Kennedy, G. G., Warshaw, D. M., and Van Houten,
B. (2010) Collaborative dynamic DNA scanning by nucleotide excision
repair proteins investigated by single-molecule imaging of quantum-dot-
labeled proteins. Mol. Cell 37, 702-713 CrossRef Medline

Lin, J., Countryman, P., Buncher, N., Kaur, P., E, L., Zhang, Y., Gibson, G.,
You, C., Watkins, S. C., Piehler, J., Opresko, P. L., Kad, N. M., and Wang, H.
(2014) TRF1 and TRF2 use different mechanisms to find telomeric DNA
but share a novel mechanism to search for protein partners at telomeres.
Nucleic Acids Res. 42, 2493—-2504 CrossRef Medline

Ghodke, H., Wang, H., Hsieh, C. L., Woldemeskel, S., Watkins, S. C.,
Rapi¢-Otrin, V., and Van Houten, B. (2014) Single-molecule analysis re-
veals human UV-damaged DNA-binding protein (UV-DDB) dimerizes on
DNA via multiple kinetic intermediates. Proc. Natl. Acad. Sci. U.S.A. 111,
E1862-E1871 CrossRef Medline

Nelson, S.R., Dunn, A. R,, Kathe, S. D., Warshaw, D. M., and Wallace, S. S.
(2014) Two glycosylase families diffusively scan DNA using a wedge resi-
due to probe for and identify oxidatively damaged bases. Proc. Natl. Acad.
Sci. U.S.A. 111, E2091-E2099 CrossRef Medline

Reichel, A., Schaible, D., Al Furoukh, N., Cohen, M., Schreiber, G., and
Piehler, J. (2007) Noncovalent, site-specific biotinylation of histidine-
tagged proteins. Anal. Chem. 79, 8590 — 8600 CrossRef Medline

Saxton, M. J., and Jacobson, K. (1997) Single-particle tracking: applica-
tions to membrane dynamics. Annu. Rev. Biophys. Biomol. Struct. 26,
373-399 CrossRef Medline

Gorman, J., Plys, A. J., Visnapuu, M. L., Alani, E., and Greene, E. C. (2010)
Visualizing one-dimensional diffusion of eukaryotic DNA repair factors
along a chromatin lattice. Nat. Struct. Mol. Biol. 17, 932—938 CrossRef
Medline

Leith, J. S., Tafvizi, A., Huang, F., Uspal, W. E,, Doyle, P. S,, Fersht, A. R,
Mirny, L. A., and van Oijen, A. M. (2012) Sequence-dependent sliding
kinetics of p53. Proc. Natl. Acad. Sci. U.S.A. 109, 16552—-16557 CrossRef
Medline

Tittel-Elmer, M., Lengronne, A., Davidson, M. B., Bacal, ]., Frangois, P.,
Hohl, M., Petrini, J. H. J., Pasero, P., and Cobb, J. A. (2012) Cohesin asso-
ciation to replication sites depends on rad50 and promotes fork restart.
Mol. Cell 48, 98 —108 CrossRef Medline

Gelot, C., Guirouilh-Barbat, J., Le Guen, T., Dardillac, E., Chailleux, C.,
Canitrot, Y.,and Lopez, B. S. (2016) The cohesin complex prevents the end
joining of distant DNA double-strand ends. Mol. Cell 61, 15-26 CrossRef
Medline

Subramanian, D., and Griffith, J. D. (2005) p53 monitors replication fork
regression by binding to “chickenfoot” intermediates. /. Biol. Chem. 280,
42568 —42572 CrossRef Medline

Compton, S. A, Tolun, G., Kamath-Loeb, A. S., Loeb, L. A, and Griffith,
J. D. (2008) The Werner syndrome protein binds replication fork and
Holliday junction DNAs as an oligomer. /. Biol. Chem. 283, 24478 —24483
CrossRef Medline

Sung, P., and Klein, H. (2006) Mechanism of homologous recombination:
mediators and helicases take on regulatory functions. Nat. Rev. Mol. Cell
Biol. 7,739 -750 CrossRef Medline

Gunn, A, and Stark, J. M. (2012) I-Scel-based assays to examine distinct
repair outcomes of mammalian chromosomal double strand breaks.
Methods Mol. Biol. 920, 379 =391 CrossRef Medline

Pierce, A.]., Johnson, R. D., Thompson, L. H., and Jasin, M. (1999) XRCC3
promotes homology-directed repair of DNA damage in mammalian cells.
Genes Dev. 13, 2633-2638 CrossRef Medline

SASBMB


http://dx.doi.org/10.1126/science.1140637
http://www.ncbi.nlm.nih.gov/pubmed/17626885
http://dx.doi.org/10.1016/j.celrep.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27117417
http://dx.doi.org/10.1038/sj.emboj.7601903
http://www.ncbi.nlm.nih.gov/pubmed/17962804
http://dx.doi.org/10.1242/jcs.130872
http://www.ncbi.nlm.nih.gov/pubmed/23729739
http://dx.doi.org/10.1126/science.1256904
http://www.ncbi.nlm.nih.gov/pubmed/25414306
http://dx.doi.org/10.1016/j.cell.2015.11.030
http://www.ncbi.nlm.nih.gov/pubmed/26687354
http://dx.doi.org/10.1038/nsmb.2880
http://www.ncbi.nlm.nih.gov/pubmed/25173175
http://dx.doi.org/10.1016/j.febslet.2014.08.015
http://www.ncbi.nlm.nih.gov/pubmed/25171859
http://dx.doi.org/10.1093/nar/gkw518
http://www.ncbi.nlm.nih.gov/pubmed/27298259
http://dx.doi.org/10.1016/S1046-2023(02)00308-0
http://www.ncbi.nlm.nih.gov/pubmed/12606223
http://dx.doi.org/10.1016/j.ymeth.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/23454289
http://dx.doi.org/10.1038/srep20513
http://www.ncbi.nlm.nih.gov/pubmed/26856421
http://dx.doi.org/10.1371/journal.pone.0069458
http://www.ncbi.nlm.nih.gov/pubmed/23874961
http://dx.doi.org/10.1093/nar/gki708
http://www.ncbi.nlm.nih.gov/pubmed/16061937
http://dx.doi.org/10.4161/cc.20547
http://www.ncbi.nlm.nih.gov/pubmed/22592531
http://dx.doi.org/10.1016/j.ab.2011.02.017
http://www.ncbi.nlm.nih.gov/pubmed/21329650
http://dx.doi.org/10.1002/jmr.2311
http://www.ncbi.nlm.nih.gov/pubmed/24277605
http://dx.doi.org/10.1021/nl080316l
http://www.ncbi.nlm.nih.gov/pubmed/18444686
http://dx.doi.org/10.1128/MCB.01503-13
http://www.ncbi.nlm.nih.gov/pubmed/24324008
http://www.ncbi.nlm.nih.gov/pubmed/2642903
http://dx.doi.org/10.1038/nsmb.1441
http://www.ncbi.nlm.nih.gov/pubmed/18679428
http://dx.doi.org/10.1038/nsmb.2472
http://www.ncbi.nlm.nih.gov/pubmed/23262491
http://dx.doi.org/10.1021/cr4003006
http://www.ncbi.nlm.nih.gov/pubmed/24443844
http://dx.doi.org/10.1016/j.molcel.2010.02.003
http://www.ncbi.nlm.nih.gov/pubmed/20227373
http://dx.doi.org/10.1093/nar/gkt1132
http://www.ncbi.nlm.nih.gov/pubmed/24271387
http://dx.doi.org/10.1073/pnas.1323856111
http://www.ncbi.nlm.nih.gov/pubmed/24760829
http://dx.doi.org/10.1073/pnas.1400386111
http://www.ncbi.nlm.nih.gov/pubmed/24799677
http://dx.doi.org/10.1021/ac0714922
http://www.ncbi.nlm.nih.gov/pubmed/17953454
http://dx.doi.org/10.1146/annurev.biophys.26.1.373
http://www.ncbi.nlm.nih.gov/pubmed/9241424
http://dx.doi.org/10.1038/nsmb.1858
http://www.ncbi.nlm.nih.gov/pubmed/20657586
http://dx.doi.org/10.1073/pnas.1120452109
http://www.ncbi.nlm.nih.gov/pubmed/23012405
http://dx.doi.org/10.1016/j.molcel.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22885006
http://dx.doi.org/10.1016/j.molcel.2015.11.002
http://www.ncbi.nlm.nih.gov/pubmed/26687679
http://dx.doi.org/10.1074/jbc.M506348200
http://www.ncbi.nlm.nih.gov/pubmed/16204246
http://dx.doi.org/10.1074/jbc.M803370200
http://www.ncbi.nlm.nih.gov/pubmed/18596042
http://dx.doi.org/10.1038/nrm2008
http://www.ncbi.nlm.nih.gov/pubmed/16926856
http://dx.doi.org/10.1007/978-1-61779-998-3_27
http://www.ncbi.nlm.nih.gov/pubmed/22941618
http://dx.doi.org/10.1101/gad.13.20.2633
http://www.ncbi.nlm.nih.gov/pubmed/10541549

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Moynahan, M. E., Pierce, A.]., and Jasin, M. (2001) BRCA?2 is required for
homology-directed repair of chromosomal breaks. Mol. Cell 7, 263-272
CrossRef Medline

Canudas, S., and Smith, S. (2009) Differential regulation of telomere and
centromere cohesion by the Scc3 homologues SA1 and SA2, respectively,
in human cells. J. Cell Biol. 187, 165—173 CrossRef Medline

Remeseiro, S., Cuadrado, A., Gémez-Lopez, G., Pisano, D. G., and Losada,
A. (2012) A unique role of cohesin-SA1 in gene regulation and develop-
ment. EMBO J. 31, 2090 —2102 CrossRef Medline

Cuadrado, A., Remeseiro, S., Gémez-Lopez, G., Pisano, D. G., and Losada,
A. (2012) The specific contributions of cohesin-SA1 to cohesion and gene
expression: implications for cancer and development. Cell Cycle 11,
2233-2238 CrossRef Medline

van der Lelij, P., Lieb, S., Jude, J., Wutz, G., Santos, C. P., Falkenberg, K.,
Schlattl, A., Ban, J., Schwentner, R., Hoffmann, T., Kovar, H., Real, F. X,,
Waldman, T., Pearson, M. A., Kraut, N., et al. (2017) Synthetic lethality
between the cohesin subunits STAGI and STAG?2 in diverse cancer con-
texts. Elife 6, €26980 CrossRef Medline

Lee, O. C,, Jeon, J. H., and Sung, W. (2010) How double-stranded DNA
breathing enhances its flexibility and instability on short length scales.
Phys. Rev. E 81, 021906 CrossRef Medline

Tessmer, L., Melikishvili, M., and Fried, M. G. (2012) Cooperative cluster
formation, DNA bending and base-flipping by O°-alkylguanine-DNA al-
kyltransferase. Nucleic Acids Res. 40, 8296 — 8308 CrossRef Medline
Zakari, M., Yuen, K., and Gerton, J. L. (2015) Etiology and pathogenesis
of the cohesinopathies. Wiley Interdiscip. Rev. Dev. Biol. 4, 489 —504
CrossRef Medline

Lengronne, A., Mclntyre, J., Katou, Y., Kanoh, Y., Hopfner, K. P., Shira-
hige, K., and Uhlmann, F. (2006) Establishment of sister chromatid cohe-
sion at the S. cerevisiae replication fork. Mol. Cell 23, 787-799 CrossRef
Medline

Skibbens, R. V. (2011) Sticking a fork in cohesin—it’s not done yet!. Trends
Genet. 27,499 —506 CrossRef Medline

Balakrishnan, L., and Bambara, R. A. (2013) Okazaki fragment metabo-
lism. Cold Spring Harb. Perspect. Biol. 5, 2010173 CrossRef Medline

SASBMB

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Cohesin SA2 (STAG2) DNA binding

Takoucheva, L. M., Walker, R. K., van Houten, B., and Ackerman, E. J.
(2002) Equilibrium and stop-flow kinetic studies of fluorescently labeled
DNA substrates with DNA repair proteins XPA and replication protein A.
Biochemistry 41, 131-143 CrossRef Medline

Kurze, A., Michie, K. A., Dixon, S. E., Mishra, A., Itoh, T., Khalid, S.,
Strmecki, L., Shirahige, K., Haering, C. H., Lowe, J., and Nasmyth, K.
(2011) A positively charged channel within the Smcl/Smc3 hinge re-
quired for sister chromatid cohesion. EMBO J. 30, 364-378 CrossRef
Medline

Hirano, M., and Hirano, T. (2006) Opening closed arms: long-distance
activation of SMC ATPase by hinge-DNA interactions. Mol. Cell 21,
175-186 CrossRef Medline

Kim, H., and Loparo, J.]. (2016) Multistep assembly of DNA condensation
clusters by SMC. Nat. Commun. 7, 10200 CrossRef Medline

Hirano, T. (2016) Condensin-based chromosome organization from bac-
teria to vertebrates. Cell 164, 847— 857 CrossRef Medline

Williams, R. S., Moncalian, G., Williams, J. S., Yamada, Y., Limbo, O., Shin,
D. S., Groocock, L. M., Cahill, D., Hitomi, C., Guenther, G., Moiani, D.,
Carney, J. P, Russell, P., and Tainer, J. A. (2008) Mrell dimers coordinate
DNA end bridging and nuclease processing in double-strand-break repair.
Cell 135, 97-109 CrossRef Medline

Kim, J. S., Krasieva, T. B., LaMorte, V., Taylor, A. M., and Yokomori, K.
(2002) Specific recruitment of human cohesin to laser-induced DNA
damage. J. Biol. Chem. 277, 45149 — 45153 CrossRef Medline

Birkenbihl, R. P., and Subramani, S. (1992) Cloning and characterization of
rad21 an essential gene of Schizosaccharomyces pombe involved in DNA
double-strand-break repair. Nucleic Acids Res. 20, 6605—6611 CrossRef
Medline

Atienza, . M, Roth, R. B., Rosette, C., Smylie, K. J., Kammerer, S., Reh-
bock, J., Ekblom, J., and Denissenko, M. F. (2005) Suppression of RAD21
gene expression decreases cell growth and enhances cytotoxicity of eto-
poside and bleomycin in human breast cancer cells. Mol. Cancer Ther. 4,
361-368 Medline

Schir, P., Fési, M., and Jessberger, R. (2004) SMCI1 coordinates DNA dou-
ble-strand break repair pathways. Nucleic Acids Res. 32, 3921-3929
CrossRef Medline

J. Biol. Chem. (2018) 293(3) 1054-1069 1069


http://dx.doi.org/10.1016/S1097-2765(01)00174-5
http://www.ncbi.nlm.nih.gov/pubmed/11239455
http://dx.doi.org/10.1083/jcb.200903096
http://www.ncbi.nlm.nih.gov/pubmed/19822671
http://dx.doi.org/10.1038/emboj.2012.60
http://www.ncbi.nlm.nih.gov/pubmed/22415368
http://dx.doi.org/10.4161/cc.20318
http://www.ncbi.nlm.nih.gov/pubmed/22617390
http://dx.doi.org/10.7554/eLife.26980
http://www.ncbi.nlm.nih.gov/pubmed/28691904
http://dx.doi.org/10.1103/PhysRevE.81.021906
http://www.ncbi.nlm.nih.gov/pubmed/20365594
http://dx.doi.org/10.1093/nar/gks574
http://www.ncbi.nlm.nih.gov/pubmed/22730295
http://dx.doi.org/10.1002/wdev.190
http://www.ncbi.nlm.nih.gov/pubmed/25847322
http://dx.doi.org/10.1016/j.molcel.2006.08.018
http://www.ncbi.nlm.nih.gov/pubmed/16962805
http://dx.doi.org/10.1016/j.tig.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21943501
http://dx.doi.org/10.1101/cshperspect.a010173
http://www.ncbi.nlm.nih.gov/pubmed/23378587
http://dx.doi.org/10.1021/bi011041q
http://www.ncbi.nlm.nih.gov/pubmed/11772010
http://dx.doi.org/10.1038/emboj.2010.315
http://www.ncbi.nlm.nih.gov/pubmed/21139566
http://dx.doi.org/10.1016/j.molcel.2005.11.026
http://www.ncbi.nlm.nih.gov/pubmed/16427008
http://dx.doi.org/10.1038/ncomms10200
http://www.ncbi.nlm.nih.gov/pubmed/26725510
http://dx.doi.org/10.1016/j.cell.2016.01.033
http://www.ncbi.nlm.nih.gov/pubmed/26919425
http://dx.doi.org/10.1016/j.cell.2008.08.017
http://www.ncbi.nlm.nih.gov/pubmed/18854158
http://dx.doi.org/10.1074/jbc.M209123200
http://www.ncbi.nlm.nih.gov/pubmed/12228239
http://dx.doi.org/10.1093/nar/20.24.6605
http://www.ncbi.nlm.nih.gov/pubmed/1480481
http://www.ncbi.nlm.nih.gov/pubmed/15767545
http://dx.doi.org/10.1093/nar/gkh716
http://www.ncbi.nlm.nih.gov/pubmed/15280507

	Cohesin SA2 is a sequence-independent DNA-binding protein that recognizes DNA replication and repair intermediates
	Results
	SA2 specifically binds to DNA ends
	SA2 binds to the ssDNA gap with high specificities
	SA2 carries out sequence-independent unbiased 1D diffusion on dsDNA
	SA2 switches between dsDNA and ssDNA gap-binding modes
	SA2 forms higher-order oligomeric complexes and can bypass diffusion barriers on DNA
	SA2 binds to DNA intermediate structures associated with DNA repair and replication
	Knockdown of SA2 leads to decreased frequency of HR-mediated DNA DSB repair

	Discussion
	Experimental procedures
	AFM imaging and image analysis
	Protein-QD conjugation
	Fluorescence imaging of QD-labeled proteins on DNA tightropes
	Fluorescence anisotropy
	DR-GFP reporter assay
	Statistical analysis

	Author contributions
	References




