Phosphorylation of the Smc4 N-terminus regulates DNA binding during condensin-
mediated chromosome morphogenesis in Saccharomyces cerevisiae

Annahat Singh Kochhar

Thesis submitted to the University of Ottawa
in partial Fulfillment of the requirements for the
Master of Science in Cellular and Molecular Medicine

Department of Cellular and Molecular Medicine
Faculty of Medicine
University of Ottawa

© Annahat Singh Kochhar, Ottawa, Canada, 2023



Abstract

Effective transmission of genetic material during mitosis has long been known to be
essential for cell survival. A key mitotic regulator in eukaryotes is the condensin complex,
responsible for condensing genomic DNA for its equal division between two daughter cells.
Importantly, the Smc4 subunit of condensin contains an intrinsically disordered N-terminal region
(Smc4-NT) unique to the Smc4 members of the conserved SMC protein family. Deletion of the
entire Smc4-NT causes lethality in yeast, suggesting a unique functional role for this region. Our
laboratory has previously shown that Smc4-NT phosphorylation by cyclin-dependent kinase 1
(Cdk1) at the onset of mitosis activates condensin function, but the exact role of the Smc4-NT is
unknown. We have now established that the Smc4-NT has intrinsic DNA binding activity that is
abrogated upon phosphorylation by Cdkl. We have also discovered that the conserved casein
kinase 2 (CK2) phosphorylates the Smc4-NT in vitro and may serve to inhibit the activity of the
Smc4-NT. We established the positive and negative phosphorylation of the Smc4-NT as an

important regulator of condensin function.
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Introduction

The cell cycle

It has long been known that the transmission of genetic material from parent to progeny
cells, a process that is essential for survival, occurs via compaction of amorphous chromatin and
segregation of resulting chromosomes (1). This observation was first accurately described by
Walther Flemming in 1882, who observed the emergence of “threadlike” structures he dubbed
“chromatin”, followed by the breakdown of the nuclear envelope and scaffolding (2). He described
the separation of the “threads” into two groups, followed by the reforming of the scaffolding of
the nuclei, a process he named “mitosis” (3). The cell cycle has been the target of countless studies
since Flemming’s fateful discovery. Although chromosome condensation is an early cytological
landmark of the mitotic process, the exact mechanism by which it occurs eludes scientists to this
day (4, 5).

Eukaryotic cells undergo a cycle consisting of 4 phases: G1 (gap 1), S (synthesis), G2 (gap
2), and M (mitosis) (6) (Figure 1). Briefly, during G1, generally the longest phase of the cell cycle,
the cell is biochemically active and undergoes extensive growth, despite little visual change under
a microscope (7). Importantly, at this stage, the cell evaluates its environment to determine if
conditions are favourable for mitosis. If the cell determines that conditions are unfavourable, it
exits the cycle and enters a stage called GO, during which the cell cycle is arrested until a further
signal initiates re-entry into mitosis (8). Otherwise, the cell moves on to S phase, during which
DNA replication occurs, and the cell duplicates its centrioles in preparation for cell division (9).
In the last phase before mitotic division, the G2 phase, the cell makes final preparations to divide
by duplicating organelles and other protein machinery that will be essential for chromosome

manipulation (10). The cytoskeleton is also dismantled. In yeast, this phase is quite short and often



MITOSIS:

Prophase

l
Prometaphase

l
Metaphase

l
Anaphase
Telophase

Cytokinesis

Figure 1. The eukaryotic cell cycle. Graphical representation of the approximate
durations of different stages of the cell cycle in a typical human cell (left) and depiction
of the major cytological changes during each stage of mitosis (right).

blurs with the M phase of the cell cycle (11).

Finally, the mitotic phase of the cell cycle is the stage during which the cell divides into

two identical daughter cells. Mitosis consists of the following stages [reviewed in (12, 13)]:



Prophase: The nuclear envelope begins to break down and chromatin begins to condense
to form visible chromosomes. Centrosomes begin to move towards opposite ends of the cell.

Prometaphase: The nuclear envelope completes breakdown and microtubules begin
binding to kinetochores of the centromere that connects sister chromatids.

Metaphase: Centrosomes complete their migration to opposite poles of the cell and
chromosomes are aligned at the metaphase plate in the center of the cell. All chromosomes are
attached to microtubules by their kinetochores.

Anaphase: The sister chromatids are separated and migrate towards opposite poles, led by
mitotic spindles. By the end of this stage, both bodies that will form daughter cells contain an equal
number of chromosomes.

Telophase: The nuclear envelope begins to reform, now consisting of 2 separate envelopes
around two daughter cells with equivalent genetic material. Spindle microtubules begin to
depolymerize and chromosomes de-condense to return to chromatin form. All other cell organelles
begin to reappear.

Cytokinesis: The cytoplasm divides to pinch off into 2 identical daughter cells. With the

completion of this last stage, the cell cycle recommences.

Interphase chromatin

During interphase, DNA of about 147 bp in length wraps around core histones (2 each of
H2A, H2B, H3 and H4) to form nucleosomes about 10nm in diameter (14). Nucleosomes are
linked together by small segments of linker DNA, giving the appearance of “beads on a string”
(15). Histone H1 binds to the entry and exit sites of DNA on the surface of the nucleosomal core

to further stabilize the particle (16). Regions of low gene expression can be further compacted by



histone modifications that allow certain regions to be held closer together (17). RNA has also been
shown to interact with histone tails to neutralize their charges and reduce the electrostatic
compaction of DNA, promoting open chromatin and increased gene expression (18). It has been
proposed that nucleosomes are further compacted via histone tail and RNA interactions to form
30nm diameter fibers, though due to lack of in vivo evidence, it has been posited that these forms
may be rare in intact chromatin (19). Beyond this point, while it is known that several proteins are
implicated in binding and further compacting chromatin, the specifics are still not fully understood

(Figure 2).

Mitotic chromosomes

Attempting to equally divide spools of chromatin between daughter cells would be like
trying to divide a bowl of spaghetti into 2 exact portions — extremely complex and prone to
misdistribution. A myriad of different diseases are characterized by erroneous chromosome
segregation, reaffirming the importance of chromosome compaction ahead of segregation to
ensure sustainable growth and development of organisms (20). During mitosis, chromatin is
compacted into visible, rodlike structures of genetic material called chromosomes, that are divided
equally between daughter cells (21). The general structure of a chromosome consists of two
condensed, replicated halves of the cell’s genetic content, called sister chromatids, held together
by a point of attachment called the centromere (1) (Figure 2). After the core histones that make up
the majority of chromatin scaffolding, the most abundant protein enriching chromosomal regions
is a protein complex called condensin (22). While thousands of proteins have been shown to
associate with mitotic chromosomes, condensin and topoisomerase II are indispensable for

chromatid assembly in eukaryotic cells (23). Even in the absence of nucleosomes, condensin and
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topoisomerase Il are able to form mitotic chromatid structures, albeit with slightly diffuse

formations (24).

Identification of condensin

The study of mitotic chromosomes was limited for a long time due to their fragile structure



that is easily perturbed when isolated from an in vivo system (25). Condensin was first identified
through the reconstitution of mitotic chromosomes using Xenopus laevis egg extracts in a cell-free
environment. The use of this in vitro system permitted the identification of 8s condensin, consisting
of a heterodimer formed by XCAP-C and XCAP-E (Xenopus Chromosome-Associated-
Polypeptides) (23). Further studies using this cell-free model resulted in the identification of 13s
condensin, consisting of the previously identified heterodimer plus three additional subunits (26).
Condensin is a pentameric, highly conserved ATPase that has been shown to associate with
chromatin to alter its configuration during the cell cycle (23, 27). Condensin belongs to the
Structural Maintenance of Chromosomes, or SMC, family of proteins, which also includes cohesin
and the Smc5/6 complex. Together, SMC proteins play different roles in the maintenance of

genomic integrity [reviewed in (28-30)].

Condensin structure

The general architecture of SMC proteins consists of two SMC subunits that are joined by
three regulatory subunits to form a ring-like structure [reviewed in (28)]. In condensin, the SMC
subunits are referred to as Smc2 and Smc4 in yeast, or hCAP-E and hCAP-C in humans,
respectively (31, 32) (Table 1). The Smc2/Smc4 subunits heterodimerize, with their respective N-
and C- terminal segments pairing together to form ATPase head domains that are important for
regulating condensin’s turnover on chromosomes (23, 26). Antiparallel coiled-coil regions separate
the ATPase head domain region at one extremity of the heterodimer from a “hinge” domain at the
other end (33, 34). A kleisin subunit bridges the ATPase head domains together to form the central
ring structure and recruits 2 additional HEAT repeat subunits (35-37). In yeast, the kleisin subunit

is known as Brnl and the HEAT repeat subunits are Ycs4 and Ycgl (31) (Figure 4A).



Table 1: Overview of condensin subunits in different species.

S. cerevisiae S. pombe Vertebrates, including H. sapiens
SMC subunits Smc2 Cutl4 CAP-E
Smc4 Cut3 CAP-C
Kleisin Brnl Cnd2 CAP-H ()
CAP-H2 (II)
HEAT repeat subunits Ycs4 Cndl1 CAP-D2 (I)
CAP-D3 (II)
Ycgl Cnd3 CAP-G (I)
CAP-G2 (II)

Loop extrusion model

Initial work on condensin hypothesized that condensin made up part of a scaffold that
anchored DNA loops on top of each other to permit compaction. As structural and functional
analyses of condensin progressed, alternate theories proposed that condensin functioned as a
stochastic crosslinker between different 10nm fibres of chromatin (28). However, mathematical
modelling predictions and emerging Hi-C data started to point towards a “loop extrusion” model
of chromosome condensation, which is currently the most widely accepted model of condensin
function (19). During loop extrusion, DNA is thought to be pulled through the condensin ring
structure to create compact loops that progressively stack on top of each other to form condensed
chromosomes (38). Polymer dynamics simulations have shown that ATP hydrolysis by condensin
provides the motor activity it requires to translocate along DNA substrates moving in relation to
each other, fulfilling the key expectation of the loop extrusion model (39). Molecular dynamics
simulations of a coarse-grained polymer model have shown that both loop formation and inter-
condensin interactions must be carefully co-regulated to achieve active mitotic chromosome
assembly (40).

A big breakthrough supporting the loop extrusion mechanism of condensin came through

the development of single molecule loop extrusion assays using S. cerevisiae condensin. By



tethering both ends of a fragment of dsDNA to a passivated surface flushed with condensin and
ATP, researchers observed the local compaction of DNA. No compaction was observed with
ATPase defect condensin mutants or in the absence of ATP, reaffirming that ATP hydrolysis is
required for condensin loop creation and is the rate limiting step in loop extrusion (41). These
assays initially proposed that loop extrusion occurs in a one-sided, asymmetric fashion, with one
site in condensin remaining stably anchored to DNA (Figure 3A). However, this assumption could
not explain the different forms of chromosome compaction that have been observed across all
organisms. Condensin was later shown to act in a two-sided manner to remove unlooped chromatin
gaps, forming an “effectively two-sided” model (42) (Figure 3B). Additionally, condensins were
shown to influence each others’ function in budding yeast, even if individual loops produced were
not proximally located (43) (Figure 3C). While these experiments studied condensin function at a
local level, this local activity is responsible for global chromosome conformation changes (4042,
44). Loop extrusion has been shown to be the primary method of DNA organization in a cellular
context, with this process being regulated in a cell cycle-dependent manner (45). The presence of
nucleosomes or other DNA binding molecules may serve to prevent the reverse reaction/slippage

of DNA, without contributing directly to DNA compaction (44).

Condensin I vs. 11

Vertebrates are known to possess two types of condensin complexes, condensin I and II,
whereas invertebrates possess only one condensin complex homologous in structure and function
to condensin I (46). While it was initially proposed that condensin II evolved from condensin I in
higher eukaryotes, lineage mapping has since shown that several species independently lost

condensin II throughout evolution (29). Even bacteria and archaea possess a “condensin-like”



Adapted from Banigan et al., 2020
Figure 3. Proposed mechanisms of loop extrusion. Grey lines represent DNA. (A)

One-sided model of loop extrusion, where one side of condensin (purple) remains
firmly anchored to DNA, while the other side (pink) freely translocates along the DNA
backbone. (B) Two-sided model of loop extrusion, where both sides of condensin
translocate along DNA as needed to resolve unlooped structures. (C) Neighbouring
condensins can influence each other’s function and work together to extrude DNA in
what appears to be a “two-sided” mechanism.
cellular structure composed of 3 subunits (47). Researchers have proposed that condensin I acts to
laterally compact chromatin loops, whereas condensin II establishes the chromosome axis (48).
This would suggest that the behaviours of condensins I and II are spatiotemporally regulated in
vivo (24). Importantly, the loss of any condensin subunit inhibits chromosome condensation to a

varying degree in any organism studied to date (49-51). In lower eukaryotes, this is generally

characterized by a complete lack of chromosome morphogenesis, whereas higher eukaryotes tend



to experience a delay in chromosome reorganization that does not generate functional

chromosomes (52).

Spatiotemporal regulation of condensin

Cellular localization of condensin complexes seems to be the biggest difference amongst
different species. In budding yeast, the sole condensin complex homologous to condensin I
localizes to the nucleus throughout the cell cycle. In humans, condensin II is bound to
chromosomes throughout interphase and participates in early condensation, with condensin I
mostly translocating to the nucleus at the onset of prometaphase and maintaining a more dynamic
interaction with chromosomes (27, 53, 54). It has also been shown that in many organisms, such
as humans and chickens, condensin I is present in interphase nuclei, despite earlier evidence
suggesting it was only able to bind to chromosomes after nuclear envelope breakdown (55). In
fission yeast, condensin stays in the cytoplasm during interphase and only localizes to the nucleus
during mitosis.

Despite varying cellular localization across different species, condensin acts primarily
during metaphase to reorganize loose chromatin into densely packed chromosomes (45).
Perturbation of normal condensin activity can lead to defects in the timing of or the extent of
chromosome condensation, both of which can be detrimental to cell cycle progression and lead to
genomic instability, the hallmark of many diseases (56, 57). As such, condensin activity must be
tightly spatiotemporally regulated through mechanisms such as post-translational modifications
(PTMs) (5). PTMs alter the structure and function of proteins to allow them to respond to different
cellular signals (58). A key PTM responsible for the kinetics of many enzymes, including

condensin, is phosphorylation (59). The pattern of condensin phosphorylation throughout the cell
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cycle varies and helps to promote chromosome condensation events at the right time, suggesting a
cyclic mechanism of phospho-regulation (60, 61). To understand how phosphorylation by different
enzymes and at different target sites allows condensin to restructure chromosomes, it is important
to understand when condensin phosphorylation leads to activation and inhibition of its function

(60, 62, 63).

SMC4

Though putative phosphorylation sites for Cdkl, a key cell cycle regulator, have been
identified in all subunits of condensin, our laboratory has shown that the ablation of these sites in
SMC4 specifically causes severe growth defects in yeast (64). Interestingly, seven out of the ten
possible Cdkl1 sites identified in Smc4 are found to be clustered in its disordered, N-terminal
extension (Smc4-NT) (Figure 4A, Figure 4B, blue), and ablation of these seven sites leads to
dramatic defects in chromosome condensation and segregation. Among the 6 conserved SMC
protein families, only Smc4 family members carry an N-terminal extension. Importantly, the
presence of Cdkl phosphorylation sites contained within these extensions is conserved among
most eukaryotes, including humans (52). While the sequence of the Smc4-NT in yeast covers the
first 163 residues of Smc4, the first 149 residues are predicted to be a region of intrinsic disorder.
Deletion of the Smc4-NT region causes lethality in yeast, suggesting a unique functional role for

this region that remains to be explored.

Intrinsically disordered protein regions
The Smc4-NT is predicted to be an intrinsically disordered protein region (IDPR) (64).

Despite the absence of a stable, three-dimensional structure, IDPRs can play functional roles in

11



A B
Smc4-NT
a.a. 1-163
1

a.a. 120-122

Figure 4. Graphical representation of yeast condensin and the Smc4 N-terminus
region. (A) A diagram of the pentameric condensin complex, showing the ATPase
subunits (Smc2 and Smc4) and regulatory subunits (Brnl, Ycs4, Ycgl). The Smc4-NT
is bracketed. (B) Depiction of linearized Smc4-NT showing the relative locations of
putative phosphorylation sites and cyclin-binding RxL motifs. Minimal consensus
Cdk1 phosphorylation sites are noted by blue annotations, mass spectrometry-
identified phosphorylation sites are shown by yellow annotations, and RxL motifs are
indicated by purple annotations.

vital cellular processes such as signal transduction, cell cycle regulation, or transcription (65-67).
Interestingly, about 70% of DNA-binding proteins possess intrinsically disordered tails, whereas
such tails are found in only 50% of non-DNA binding protein counterparts (68). While IDPRs may
play a role in protein-DNA interactions, the detailed aspects of how disordered regions function in
protein-DNA recognition are not completely understood (65). A proposed model for this
interaction is the “monkey bar” model, in which the disordered region of a protein assists in
intersegment transfer between two DNA molecules to enhance the specificity of the overall
protein’s interaction with DNA (68). Another model is the “fly casting” hypothesis, in which the
disordered tail structure reaches relatively distant regions of DNA that lie beyond the structured
areas of the protein (65). Importantly, the structure of IDPRs has been shown to be modified by

PTMs, such as phosphorylation. In fact, most phosphorylation sites throughout the proteome are
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located within IDPRs (67, 69, 70). Phosphorylation at key sites is known to regulate function of
IDPRs, often by inducing a “disorder to order” structural change that affects the IDPR’s
interactions with different target substrates (71—73). This transition is thought to help improve the
specificity of DNA binding and has possibly been evolutionarily selected to have a charge pattern

that optimizes DNA search by changing the bulk electrostatics of the protein (67, 74).

ATP-dependent and independent functions of condensin

Condensin possesses DNA-stimulated ATPase activity, with an affinity for structured or
long DNA fragments. The induction of supercoils into relaxed circular DNA in the presence of
ATP and topoisomerase II requires ATP hydrolysis by the SMC subunits of condensin (75, 76).
Interestingly, DNA-binding by condensin appears to be a phosphorylation-independent event (54,
75, 77). Several regions of condensin have been shown to possess DNA binding activity in
different model organisms. In budding yeast, the Smc2/4 heterodimer has DNA binding activity
that is not affected by ATP but requires a high molar ratio of protein to DNA regardless of DNA
substrate size (78, 79). The HEAT repeat subunits of budding yeast condensin have also been
shown to directly bind DNA with a high affinity, a function that is hypothesized to play a role in
initial condensin loading onto chromatin (80).

It has been proposed that phosphorylation of condensin modifies its interactions with DNA
substrates with which it has been shown to associate in vitro (61). In fission yeast,
autophosphorylation of condensin’s hinge domain has been shown to cause condensin’s
dissociation from DNA and its resulting mobility along chromosomes, suggesting that

phosphorylation antagonizes DNA binding activity (81). Condensin has been shown to maintain a
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dynamic association with chromosomes throughout mitosis, possibly due to a requirement for an

optimal condensin turnover rate regulated by cell cycle-dependent phosphorylation (54, 64, 82).

Cdkl activation of condensin

Cyclin-dependent kinases (Cdks) are the master regulators of the cell cycle (83). It is well
established that in eukaryotes, an increase in the activity of Cdkl1 is the primary trigger for the
onset of mitosis and subsequent chromosome condensation events (84). Cdkl1 is a proline-directed
serine/threonine kinase that phosphorylates the consensus motif S/T-P-X-K/R or the minimal
sequence S/T-P [reviewed in (85, 86)]. Cdkl has also been shown to phosphorylate non-S/T-P
motifs in vitro (87, 88). The major mitotic form of Cdkl is in complex with cyclin B, whose
degradation is required for mitotic exit (89). The function of Cdkl is conserved across many
species, including humans and yeast (where it is referred to as Cdc28). This is demonstrated
through the normal proliferation and activity of yeast strains with the yeast Cdk1-encoding gene,
CDC28, replaced by the human gene, CDC2/CDK1 (90). Cdk1 has many targets throughout the
cell cycle, and it is hypothesized that enzymes targeted earlier in the cell cycle are responsible for
events that occur at the beginning of mitosis (52).

Such is the case for the condensin complex, as Cdkl phosphorylation of condensin is
essential and required for condensin activation (51, 60, 64, 76, 91, 92). Many phosphorylation sites
in condensin are contained within shorter regions, thought to be part of flexible peptide loops.
These peptide loops are thought to increase accessibility of substrate target sites to their respective
kinases (61). Interestingly, mass spectrometry analysis of over 500 Cdkl phosphorylation sites
revealed that more than 90% are predicted to be in loops or disordered structures (93). These sites

tend to be clustered within regions that may have been evolutionarily conserved for biological
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function, such as causing or eliminating interactions between substrates (93, 94). Knowing that
condensin is highly regulated by Cdk1 phosphorylation and that it possesses DNA binding activity
at many regions such as the hinge domain of Smc2/4 heterodimer, we sought to understand if the
Smc4-NT, an intrinsically disordered region containing many Cdk1 phosphorylation sites, exhibits

similar DNA binding properties.

RxL motifs in Cdk substrates

Regulation of Cdk1 substrate specificity is modulated by the abundance of different cyclins
at different stages of the cell cycle (95, 96). Premature mitotic entry is prevented by weaker Cdk1
specificity for substrates that are active at later stages of the mitotic process. Targets of Cdks,
including the Smc4-NT, often contain “RxL” or “Cy” motifs which bind to the hydrophobic patch
of cyclins (97, 98). These motifs act as docking sites to mediate Cdk phosphorylation at key
substrates. Most studies have focused on the importance of RxL motifs for substrate interaction
with cyclin E (G1 phase) or A (S phase) in humans (97, 99-101). In yeast, it has been shown that
mutation of the hydrophobic patch of S phase cyclin Clb5 abrogates substrate binding and
phosphorylation, but a similar mutation of M phase cyclin Clb2 does not produce any effects (96).
While RxL motifs facilitate substrate phosphorylation by S and G2 phase cyclin complexes (CIb5,
Clb3), it has recently been shown that M phase cyclin Clb2 recognizes an LxF motif (96, 98, 102).
RxL motifs can also serve as anchor points for the assembly of multi-protein hubs required for
certain mitotic events (103). Interestingly, Robellet et al. showed that ablation of the two RxL
motifs from the Smc4-NT resulted in a dramatic reduction of cell cycle dependent phosphorylation

(64). While the Smc4-NT of condensin is thought to be more directly implicated in M phase, we
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wondered whether the removal of these supposed S phase docking motifs would impact DNA

binding by the Smc4-NT (Figure 4B, purple).

Interphase regulation of condensin by CK2

While condensin has been reported to be constitutively phosphorylated in human cells, its
phosphorylation patterns differ throughout the cell cycle (61). Cdk1 is sufficient to drive the cell
cycle in yeast, but its functions are supported and antagonized by many other kinases throughout
the cell cycle (52, 104). This suggests that mitotic phosphorylation at specific sites of condensin
is responsible for the initiation of chromosome condensation (64). Interphase regulation of
chromosomes by condensin seems likely, as condensin has been shown to be associated with active
tRNA genes through chromatin immunoprecipitation in yeast (105, 106). Additionally, in fission
yeast, Cnd2 (a Brnl homolog) plays a role in mitotic chromosome condensation and interphase by
differential binding to chromatin (107).

Casein kinase 2 (CK2) is thought to play a major role in cell cycle regulation, including
condensin phosphorylation during interphase (108—110). CK2 has been shown to be responsible
for the majority of interphase condensin phosphorylation. While CK2 depletion does not affect
chromosome condensation in mitotic cell extracts, condensation does not occur in interphase cell
extracts under any conditions. This suggests that CK2 phosphorylation of condensin during
interphase catalytically inhibits its function (62). CK2 phosphorylation is also dominant over Cdk1
phosphorylation (62, 111, 112). For full condensin activation by Cdkl1, it has been proposed that
CK2 phosphorylation must be completely removed by phosphatases such as PP6 and PP2A,
suggesting condensin activation and inactivation by a highly regulated mechanism of

phosphorylation (113, 114). Interphase phosphorylation of condensin could be implicated in
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regulating other condensin-mediated processes besides chromosome condensation. Condensin
functions are now known to not be limited to chromosome condensation and segregation —
condensin also contributes to genome stability, cell differentiation, and development. Condensin
IT has also been found to enrich at transcriptionally active regions in embryonic stem cells (115).
As the Smc4-NT is enriched in phosphorylation sites for Cdkl, we wondered whether it also

contains phosphorylation sites for CK2 that could serve to negatively regulate condensin function.

Yeast as a model

Saccharomyces cerevisiae, or budding yeast, is the catalyst for the production of bread and
beer, but also serves as an excellent model organism for research. Yeasts are an incredibly useful
model organism as their natural homologous recombination process allows for easy genetic
manipulation (116). Recessive phenotypes caused by gene mutations can be specifically visualized
through the dissection of haploid organisms, created by growing yeast on nutrient-starved media
to stimulate meiosis (117) (Figure 5). Mutants in essential genes, such as cell cycle regulators, can
be studied using temperature sensitivity, a phenomenon in which a mutant gene will confer a
normal phenotype at a permissive temperature (23°C) but will reveal a mutant phenotype at a
restrictive temperature (37°C) (118). Inducing specific phenotypes at restrictive temperature
permits the observation of various cellular processes regulated by essential genes (119). In addition
to these techniques, which are not as easily conducted in mammalian cells, Cdk1 activity and the
structure of condensin are well conserved between humans and yeast (76, 90). Altogether, yeast
presents an advantageous model organism to evaluate aspects of the cell cycle and how they apply

to humans.
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2 Mitosis Meiosis
‘ . / Diploid \ ’
Figure 5. Simplified model of the life cycle of budding yeast. Haploid strains with
mating types MATa (a) and MATa (a) can undergo mitotic division to produce identical
offspring (top, left and right). Cells of one mating type respond to the pheromone
released by cells of the opposite mating type to initiate “shmoo” formation and mate,
ultimately producing the stable diploid cell with a mating type of MATa/MATa (a/a,
middle, center). Diploid cells can undergo mitotic division to produce genetically
identical daughter cells (left), or, in nutrient-poor conditions, sporulate and undergo

meiosis, to produce 4 haploid spores which will germinate into two MATa and two
MATa cells.
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Hvpothesis and Objectives

Our central hypothesis is that the Smc4-NT regulates the association of the condensin
complex with DNA in a phosphorylation-dependent mechanism. Understanding how this
regulation occurs will provide crucial biochemical and genetic insights into the broader mechanism
of chromosome condensation.

Through electrophoretic mobility shift assay (EMSA), we discovered that purified Smc4-
NT, a predicted IDPR, is a strong DNA binding domain. Robellet et al. have previously shown that
the Smc4-NT is phosphorylated by Cdk1 and essential for the proper formation of chromosomes
(64). We aimed to determine how Cdk1 phosphorylation of the Smc4-NT affects its DNA binding
activity specifically. Additionally, through mass spectrometry analysis, we identified nine novel
phosphorylation sites in the Smc4-NT that we hypothesized might be targets for CK2, which has
been shown to be important for negatively regulating human condensin (Figure 4B, yellow).
Finally, we wondered whether ablation of the two cyclin binding motifs in the Smc4-NT would
affect its Cdk1-dependent phosphorylation effects (Figure 4B, purple). We used various in vivo
and in vitro assays to determine that the DNA binding activity of the Smc4-NT is regulated by

phosphorylation. My project consisted of the following specific aims:

Objective 1: Purify Smc4-NT construct and establish baseline DNA binding activity of this
region.

Objective 2: Determine the effects of the ablation of mass spectrometry-identified
phosphorylation sites in the Smc4-NT on cell proliferation, cell cycle-dependent

phosphorylation, and DNA binding.
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Objective 3: Assess the effects of Cdc28-Clb2 phosphorylation on the DNA binding
activity of the Smc4-NT.

Objective 4: Combine Smc4-NT phospho-mutants with the deletion of CK2 and evaluate
effects on cell proliferation and cell cycle-dependent phosphorylation.

Objective 5: Determine if CK2 phosphorylates the Smc4-NT in vitro.

Objective 6: Determine the effects of the ablation of the cyclin binding motifs in the Smc4-

NT on cell proliferation and DNA binding.

Determining the link between the phosphorylation of the essential Smc4-NT and its ability
to bind DNA will provide important insights into the exact mechanism by which condensin
interacts with chromatin to promote chromosome condensation. My project represents an
important first step in the development of novel therapeutic approaches focusing on the inhibition

of cell division.
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Materials and methods

Cloning of full length SMC4 mutants in yeast shuttle vectors

The alleles smc4-94 and smc-164 were generated in part by custom gene synthesis
(BioBasic Inc.), for insertion into a YCplaclll-Psmc4-BamHI-SMC4=L=3xSTII::TADHI ::
HIS3MXG6:: Tsmc4 plasmid backbone. Recipient vectors and synthesized vectors containing gene
inserts were digested with 20U of BamHI-HF and Eagl-HF (New England Biolabs) for 2 hours at
37°C. Digestion products were separated on a 0.8% agarose gel (0.8% agarose in IXTAE [40mM
tris acetate, ImM EDTA], run with 100V of current for 65 minutes) and the appropriate bands
were gel extracted using the MinElute Gel Extraction Kit (250) (Qiagen) following the
manufacturer’s instructions. Following DNA quantification by NanoDrop One (ThermoFisher
Scientific), digested insert and plasmid were combined at a 5:1 molar ratio of insert: vector with
150ng total DNA in a ligation reaction containing 1 unit/uL. T4 DNA ligase (New England
Biolabs). After overnight incubation at room temperature, ligation products were transformed into
XL10-Gold ultracompetent Escherichia coli cells (Agilent) by heat shock and grown overnight at
37°C on LB plates containing 1X ampicillin (Sigma-Aldrich). Single colonies were selected and
propagated in liquid LB-AMP media overnight, and plasmids were extracted using the QIAprep
Spin Miniprep Kit (250) (Qiagen) using the manufacturer's instructions. 6 colonies were screened
by diagnostic digest with Blpl for each desired vector. Positive clones were sent for sequencing at
the StemCore Laboratories DNA Sequencing Facility (Ottawa Hospital Research Institute).
Sequenced clones containing the mutation of interest and no unwanted background mutations were
preserved and used for further experiments. Resulting gene products express full length Smc4 with
desired mutations followed by a 3xStrep-tag, and grow on yeast media lacking the essential amino

acid histidine.

21



The allele ura3-1::smc4-rxlA::URA3 was created by subcloning the smc4-rxIA sequence
from the vector YCplaclll-Psmc4-BamHI-smc4-rxIA=L=3xSTII::TADH]I::HIS3MXG6::Tsmc4
into the vector Yiplac2ll-Psmc4-smc4-7A=L=3xSTIIl::TADHI::HIS3MX6::Tsmc4 using the
restriction sites Sphl and Eagl (New England Biolabs). The same methodology for subcloning and
screening was used as described above; 10 potential positive clones were screened by diagnostic
digest with BamHI-HF and Xhol (New England Biolabs).

The alleles smc4-S404,567A4,S684 and smc4-7A[S40A4,5674,S684] were created by
mutagenesis of YCplaclll-Psmc4-BamHI-SMC4=L=3xSTII::TADH1::HIS3MX6::Tsmc4 or
YCplaclll-Psmc4-BamHI-smc4-7A=L=3xSTII::TADH1 ::HIS3MXG6:: Tsmc4, respectively. Two
mutagenic primers introducing the mutations of interest were designed for each vector, one to
incorporate the S40A mutation, and another to incorporate the S67A and S68A mutations. Primers
were manufactured by Integrated DNA Technologies. Manual site-directed mutagenesis was
performed with the QuikChange Lightning Multi site-directed mutagenesis kit (Agilent).
Following mutagenesis, plasmids were transformed into XL10-Gold ultracompetent E. coli cells

(Agilent) and sequenced to confirm presence of desired mutations as described above.

Cloning of Smc4-NT phospho-mutants for time course assays in yeast shuttle vectors
Centromeric plasmids expressing Smc4-NT phospho-mutants were constructed by
subcloning mutant smc4 sequences into the vector YCplaclll-SMC4[1-142]::NLS::13xMYC::
TADHI::HIS3MX6. Primers were designed to amplify the region of smc4/1-142] from the
YCplaclll-Psmc4-BamHI-SMC4=L=3xSTIl::TADH1::HIS3MX6.:Tsmc4  mutant  plasmids
created as described above. Forward primers annealed ~500bp upstream of the gene start and

included an Sphl restriction site. Reverse primers added a BglII site after residue 142 of the smc4
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gene followed by a sequence encoding the SV40 large T antigen NLS (PKKKRK) (120) and the
beginning of a 13xMYC tag. Primers were manufactured by Integrated DNA Technologies.
Amplified inserts were sequentially digested with Sphl and BglII (New England Biolabs) and the
recipient vector YCplacll1-SMC4[1-142]::NLS::13xMYC::TADH1 :: HIS3MX6 was digested with
Sphl and BamHI-HF (New England Biolabs). The identical 4 nucleotide overhangs created by
digestion with Bglll and BamHI allowed the insert and vector to be ligated with a change in one
nucleotide and amino acid in the linker sequence connecting smc4 to the NLS, without a direct
effect on the sequence of smc4 or the NLS. The same methodology for subcloning was used as
described above and potential clones were screened by diagnostic digest with Ncol (New England
Biolabs). Plasmids providing the correct digestion products were fully sequenced by the StemCore

Laboratories DNA Sequencing Facility (Ottawa Hospital Research Institute).

Yeast growth strains and conditions

All Saccharomyces cerevisiae strains are derived from W303 background strains with a
wild-type genotype of leu2-3,112 trpl-1 canl-100 ura3-1 ade2-1 his3-11,15. Standard yeast
culture conditions were used in this study (121).

To insert full length smc4 phospho-mutant alleles at their endogenous loci, mutant smc4
plasmids created as described above were linearized with SphI-HF and Kpnl-HF (New England
Biolabs) and transformed into diploid yeast strains to allow mutations to be incorporated via the
natural homologous recombination process of yeast. Yeast transformation was performed using the
classic method described in Schiestl and Gietz (122) with the modification described in Gietz et
al. (123). Colonies that grew on synthetic complete media lacking the essential amino acid

histidine (SC-HIS) were screened for integration of the desired mutations by extraction of yeast
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genomic DNA using our laboratory’s “Smash and Grab” protocol, followed by genotyping by
PCR. Transformants providing a PCR product of the correct size were sent for sequencing at the
StemCore Laboratories DNA Sequencing Facility (Ottawa Hospital Research Institute). Strains
containing the mutation of interest and no unwanted background mutations were preserved and
used for further experiments. Haploid yeast strains were created by sporulation and dissection of
heterozygous diploid strains, followed by replica plating and scoring of yeast spores to select for
spores growing on SC-HIS plates. Haploid strains growing on SC-HIS plates were preserved as
mutant strains of interest and sequenced to confirm the presence of the desired mutations at the
StemCore Laboratories DNA Sequencing Facility (Ottawa Hospital Research Institute).

Yeast strains containing mutations in multiple genes (ie., ckbl4 and ckb24 combined with
mutations in SMC4) were created by mating and dissection of sporulated heterozygous diploid
strains, followed by replica plating and scoring yeast growth at restrictive temperature and on
various selectable markers.

Strains expressing smc4-rx/A at the URA3 locus were created by linearization of the vector
Yiplac211-Psmc4-smc4-rxIA=L=3xSTII::TADH1 :: HIS3MXG6: : Tsmc4 (created as described above)
with Stul (New England Biolabs). The linearized vector was transformed into haploid MATa wild-
type yeast or yeast bearing the smc4-22 mutations at its endogenous locus.

Strains for phosphorylation time courses were created by transformation of centromeric
YCplaclll derivative plasmids (created as described above) into haploid MATa yeast with a
genotype of cdcl5-2. As plasmids express the LEU2 gene, individual colonies growing on SC-
LEU media were colony purified and preserved. Plasmids were maintained in yeast using SC-LEU

selective medium.
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All strains used in this study underwent at least one backcross with wild-type haploid yeast
and were sequenced at the region of mutation to confirm the presence of the mutations of interest

and absence of unwanted mutations.

TCA extraction to evaluate mutant Smc4 protein expression

Total protein extracts were prepared using a protocol adapted from Foiani et al (124). Cells
from 10mL of culture at an ODsoo of 0.3 (early log phase) were resuspended in 200uL of ice cold
20% TCA and combined with an equal volume of glass beads in locking lid tubes. Cells were lysed
by shaking on a Vibrax VXR Orbital Shaker (IKA) at 1500RPM for 45 minutes. Supernatant was
transferred to a new tube and glass beads were washed with 300uL of 5% TCA. Wash was
combined with supernatant and centrifuged at 13000RPM for 5 minutes in a tabletop centrifuge
(Centrifuge 5424, Eppendorf). The resulting pellet was resuspended in 200uL of 2X sample buffer
(100mM Tris-HCI pH 9.5, 20% glycerol, 4% SDS) and boiled at 100°C for 5 minutes. Following
centrifugation for 5 minutes at 13000RPM, supernatant was aliquoted and stored at -80°C.

Protein concentration was quantified by Pierce BCA Protein Assay Kit (ThermoFisher
Scientific). 10pg of each sample was loaded on a 4-12% Criterion XT Bis-Tris precast
polyacrylamide gel (BioRad) and run in MOPS running buffer (50mM MOPS, 50mM Tris base,
0.1% SDS, 1mM EDTA) for 90 minutes with 150V of current. Protein expression was verified

through Western blot with a-Strep as described below.

Serial dilution temperature sensitivity assays
Haploid MATa control and mutant strains were inoculated into YPD complete media and

incubated at 23°C, shaking at 250RPM overnight. After at least 16 hours of growth, cultures were
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diluted to an ODggo of 0.2 in YPD and grown at 23°C, 250RPM for at least 4 hours to an ODgoo of
0.4-0.8. Strains were then diluted to an ODgoo of 0.2 in 200puL of fresh YPD in a Corning Falcon
96-well, non-treated, U-shaped bottom sterile microplate (Fisher Scientific). A 5-fold serial
dilution set was prepared to a final dilution of 1:3125. 5pL of each dilution was spotted onto solid
YPD medium and grown at 23°C and 37°C for approximately 30-36 hours. Plates were scanned

using the Epson Perfection V850 Pro scanner.

Cloning of Smc4-NT mutants for protein purification in E. coli shuttle vectors

Plasmids expressing wild-type and mutant forms of the Smc4-NT were created for bacterial
overexpression and purification. Gene inserts were amplified from the mutant YCplaclll vectors
created as described above. Forward primers were designed to incorporate an Spel restriction site,
followed by a TEV protease cleavage site flanked by flexible linkers, immediately upstream of the
SMC4 ORF. Downstream primers introduced an Xhol site after residue 163 of SMC4. Primers
were manufactured by Integrated DNA Technologies. Following amplification, inserts were
subcloned using Spel and Xhol (New England Biolabs) into the pET41a vector to introduce a GST
tag at the N-terminus of the Smc4-NT to facilitate protein overexpression. The same methodology
for subcloning was used as described above, but following transformation in XL10-Gold
ultracompetent Escherichia coli cells (Agilent) by heat shock, cells were pre-grown for 1 hour in
LB media and then plated on LB containing 1X kanamycin (ThermoFisher Scientific). Potential
clones were screened by diagnostic digest with Hpal (New England Biolabs). Plasmids providing
the correct digestion products were sequenced by the StemCore Laboratories DNA Sequencing
Facility (Ottawa Hospital Research Institute). The resulting constructs express the fusion protein

GST-linker-TEV-linker-Smc4[1-163]-8xHIS.
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Small scale overexpression test

Wild-type Smc4-NT-6xHIS from our laboratory’s collection and the fusion protein, GST-
linker-TEV-linker-Smc4[1-163]-8xHIS, were overexpressed side by side to determine if fusion
protein would improve protein yield for use in downstream assays. Plasmids encoding for
kanamycin resistance, expressing either the empty vectors or the proteins of interest were
transformed into E. coli BL21 competent cells by heat shock and pre-grown for 1 hour in LB
media. Cells were then plated on LB plates containing 1X kanamycin and grown at 37°C overnight.
The following day, an individual colony from each plate was inoculated into SmL of liquid LB-
KAN media and grown at 37°C, shaking at 250RPM overnight. After approximately 16 hours of
growth, the overnight cultures were used to inoculate 30mL of LB-KAN (in a 125mL flask) to an
ODeoo of 0.05. After growth at 37°C for approximately 2 hours, cultures reached an OD of 0.6-0.8.
10mL of each culture was harvested as the “uninduced” fraction by centrifugation at 3700RPM
for 30 minutes at 4°C (Centrifuge 5920R, Eppendorf) and pellet was frozen at -20°C. Remaining
20mL of each culture was induced for protein overexpression with ImM IPTG (Fisher Scientific)
and grown overnight at 18°C, 160RPM. Following growth for at least 16 hours, each culture was
split into 2x10mL “induced” fractions and cells were collected by centrifugation at 3700RPM for
30 minutes at 4°C. Pellets were frozen at -20°C until lysis.

Prior to cell lysis, each cell pellet from 10mL of culture was resuspended in SmL of
resuspension buffer (50mM KoHPO4+/KH>PO4, 300mM NaCl, ImM imidazole, 2mM -
mercaptoethanol, pH 8.0), supplemented with 0.225mg/mL lysozyme and protease inhibitors
(0.5mM AEBSF, 10uM Pepstatin A, and 10uM E-64). Lysates were incubated on ice for 30
minutes, until slurries were opaque and a bit viscous. Cells were lysed by sonication on ice using

Sonifier SFX550 (Branson) in bursts of 10 seconds on/5 seconds off for a total of 30 seconds on
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at intensity 30%. Each lysate underwent 2-4 rounds of sonication, until the sample consistency
became translucent and less viscous. ImL of each sonicated sample was kept as a “total protein”
fraction and remaining lysates were centrifuged for 35 minutes at 13,000 RPM at 4°C.
Supernatants of centrifuged samples were saved as “soluble protein” fractions.

Samples were loaded in duplicate on a 4-12% Criterion XT Bis-Tris precast
polyacrylamide gel (BioRad) and run in MOPS running buffer (50mM MOPS, 50mM Tris base,
0.1% SDS, ImM EDTA) for 90 minutes with 150V of current. Gel was cut in half and processed

in parallel for Coomassie staining and a-HIS Western blot as described below.

Western blotting

Following separation of proteins on a polyacrylamide gel, proteins were transferred to a
nitrocellulose membrane using the iBlot 2 system (Invitrogen). Membranes were blocked with 2%
milk and 1% BSA in TBS-T (20mM Tris base, 150mM NaCl, [pH 7.6], 0.1% Tween-20) for 1 hour
at room temperature on an orbital shaker at ~100RPM. Blots were probed with the following
primary antibodies for 1 hour: 1:1000 a-HIS (Qiagen) for detection of the Smc4-NT or GST-Smc4-
NT, 1:1000 o-Strep (Qiagen) for the detection of the Clb2 subunit of Cdc28-Clb2 and full-length
Smc4, and 1:2500 a-PGK1 (Abcam) for the Pgkl loading control. Secondary antibody used was
1:5000 HRP-conjugated a-mouse antibody (VWR). Blots were rinsed in TBS-T 3 times for 10
minutes at ~100 RPM on an orbital shaker after blocking and antibody incubation steps.

All antibodies were diluted in TBS-T and incubation steps were carried out at room
temperature on a variable speed rocker. Protein-antibody conjugates were revealed by
chemiluminescence through film imaging following manufacturer’s instructions (Clarity Western

ECL substrate [BioRad], Hyperfilm ECL films [Sigma-Aldrich]).
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Coomassie staining

Following separation of proteins on a polyacrylamide gel, gel was rinsed briefly in water
and covered in ~20mL of Coomassie Brilliant Blue stain (50% v/v methanol, 10% v/v glacial acetic
acid, 1% w/v Coomassie Brilliant Blue R-250). Gel was microwaved for 30 seconds and then
incubated, covered, in heated stain for 2 minutes. To destain, gel was microwaved for 3 minutes
and 30 seconds in ~250mL of water containing a paper towel to absorb the stain. Gel was covered

and incubated in water for 2 hours to overnight until fully destained.

Overexpression of GST-linker-TEV-linker-Smc4[1-163]-8xHIS

All wild-type and mutant forms of the Smc4-NT were overexpressed as a fusion protein,
GST-linker-TEV-linker-Smc4[1-163]-8xHIS. Plasmids expressing the protein of interest and a
kanamycin resistance marker were transformed into E. coli BL21 competent cells by heat shock
and pre-grown for 1 hour in LB media. Cells were then plated on LB-KAN and grown at 37°C
overnight. The following day, an individual colony was inoculated into 500mL of liquid LB-KAN
media and grown at 37°C, shaking at 250RPM overnight. After approximately 16 hours of growth,
the overnight culture was used to inoculate 4L of LB-KAN media (split into 4 x 4L flasks, 1L
media each) to an ODggo of 0.05. Cells were grown at 37°C for 2 hours, to an ODesgo of
approximately 0.6-0.8. Cells were induced for protein overexpression with ImM IPTG and grown
overnight at 18°C, 160RPM. Following growth for at least 16 hours, cells were collected by
centrifugation at 4200RPM for 45-60 minutes at 4°C (J6-MI low-speed centrifuge, Beckman
Coulter). Following centrifugation, cell pellet from 1L of culture was resuspended in 25mL of
resuspension buffer (50mM K>;HPO4+/KH>PO4, 300mM NaCl, 1mM imidazole, pH 8.0,

supplemented with 2mM B-mercaptoethanol) and frozen at -20°C until purification.
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Protein purification

Wild-type and mutant forms of Smc4-NT were overexpressed as a fusion protein, GST-
linker-TEV-linker-Smc4[1-163]-8xHIS, following which the GST tag was removed by TEV
cleavage during purification. After every round of purification, 10uL of flow-through, washes and
elutions were collected and combined with 4xLaemmli sample buffer (BioRad) supplemented with
B-mercaptoethanol. Samples were run on a 4-12% Criterion XT Bis-Tris precast polyacrylamide
gel (BioRad) in MOPS running buffer (50mM MOPS, 50mM Tris base, 0.1% SDS, ImM EDTA)
for 90 minutes with 150V of current and Coomassie stained as described above. All purification
steps were carried out at 4°C.
Cell Lysis

Cell pellet from 1L of culture, resuspended in 25mL of resuspension buffer (50mM
K>oHPO4/KH>PO4, 300mM NaCl, ImM imidazole, pH 8.0, supplemented with 2mM -
mercaptoethanol) was thawed and topped up to a final volume of 200mL with resuspension buffer.
Lysozyme was added to the lysate to a final concentration of 0.225mg/mL, as well as protease
inhibitors: 0.5mM AEBSF, 10uM Pepstatin A and 10uM E-64. Bacterial slurry was incubated,
rocking, at 4°C for 30 minutes, until slurry was a bit viscous. Cells were lysed by sonication on
ice using Sonifier SFX550 (Branson) using a program consisting of cycles of 1 minute on/1 minute
off, for 3 minutes on in total. 4 rounds of sonification were performed at increasing intensities:
first at 30%, followed by intensity 35%, 40%, and 45%. Lysate was split into 50mL Falcon tubes
and centrifuged at 13,000 RPM for 45 minutes at 4°C in a Sorval Legend XFR floor centrifuge
(ThermoFisher Scientific). Supernatants were pooled and further clarified by filtration with 0.2uM

Nalgene Rapid-Flow sterile single use bottle top filters (ThermoFisher Scientific).
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Round 1: Ni-NTA purification

10mL of cOmplete His-Tag Purification Resin (Sigma-Aldrich), equivalent to about SmL
of beads, was washed thrice with 25mL of filtered milliQ water (Reference A+ Q-POD Milli-Q
Water System, Millipore) and then equilibrated with 3 washes in 25mL resuspension buffer (50mM
K>2HPO4/KH>PO4, 300mM NaCl, ImM imidazole, pH 8.0, supplemented with 2mM -
mercaptoethanol). Equilibrated Ni-NTA beads were combined with the protein lysate and
incubated at 4°C, rocking, for 30 minutes. Lysate slurry was incrementally poured into a 75mL
gravity chromatography column and collected, then run incrementally through the column a
second time to ensure maximal binding of protein of interest to beads. Beads were washed twice
with 5 bed volumes (BV) of wash buffer 1A (50mM K,HPO4+/KH>PO4, 750mM NaCl, 5SmM
imidazole, pH 8.0, supplemented with 2mM B-mercaptoethanol), and twice with 10BV of wash
buffer 1B (50mM K>;HPO4/KH>PO4, 300mM NaCl, 10mM imidazole, pH 8.0, supplemented with
2mM B-mercaptoethanol). Washes were briefly incubated with beads before collection. Protein of
interest was collected in 5 elutions of 3BV of elution buffer 1 (50mM K,HPO4+/KH>PO4, 300mM
NaCl, 200mM imidazole, pH 8.0, supplemented with 2mM p-mercaptoethanol); buffer was
incubated with beads for ~5 minutes before each elution.
Round 2: GSH purification and TEV cleavage

Elutions from the first round of Ni-NTA purification were pooled into two groups, one
containing more concentrated elutions, and the second containing less concentrated elutions. A
GSTrap HP 5mL column (Cytiva) connected to an AKTA pure 25 FPLC (GE Healthcare) was
equilibrated at SmL/min with 5CV of GSTrap wash buffer (50mM K>HPO4/KH>PO4, 300mM
NaCl, pH 8.0, supplemented with 2mM B-mercaptoethanol). Following equilibration, pooled

elutions were loaded onto the GSTrap column from most to least concentrated at a flow rate of
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1.5mL/min to allow maximal binding of the protein of interest. Column was washed with 10CV
of GSTrap wash buffer (50mM KoHPO4/KH>PO4, 300mM NaCl, pH 8.0, supplemented with 2mM
B-mercaptoethanol) to remove non-specific binding. Protein was eluted at 2.5mL/min with 5CV
of GSTrap elution buffer (S0mM Tris-HCI, 300mM NaCl, 5% glycerol, 10mM L-glutathione, pH
8.0, supplemented with 2mM B-mercaptoethanol), in 2mL fractions. Based on the peak observed
in the AKTA chromatograph, elutions containing the protein of interest were pooled and
concentrated to a final volume of ~ImL with an Amicon Ultra-15 Centrifugal Filter Unit, 10kDa
MWCO (MilliporeSigma). For GST tag cleavage, protein was diluted to Img/mL in TEV cleavage
buffer (50mM Tris-HCIL, 0.5mM EDTA, 5% glycerol, pH 8.0, supplemented with ImM DTT). GST
tag was cleaved by overnight digestion at 4°C with 200uL of HaloTEV protease (Promega).
Round 3: Ni-NTA purification

To remove the cleaved GST tag from the protein of interest, which both have a size of about
25kDa, digestion products were subjected to a second round of Ni-NTA. 1mL of cOmplete His-
Tag Purification Resin (Sigma-Aldrich), equivalent to about 0.5mL of beads, was washed thrice
with 10mL of filtered milliQ water (Reference A+ Q-POD Milli-Q Water System, Millipore) and
then equilibrated with 3 washes of 10mL TEV cleavage buffer (50mM Tris-HCL, 0.5mM EDTA,
5% glycerol, pH 8.0, supplemented with ImM DTT). Equilibrated Ni-NTA beads were combined
with the digestion mixture and incubated at 4°C, rocking, for 30 minutes. Protein slurry was poured
into a 25mL gravity chromatography column. Collected flow-through was run through the column
a second time to ensure maximal binding of the protein of interest to the beads. Beads were washed
twice with 0.5CV of wash buffer 2A (50mM K>HPO4+/KH;PO4, 750mM NaCl, 5mM imidazole,
5% glycerol, pH 8.0, supplemented with 2mM B-mercaptoethanol), and twice with 1CV of wash

buffer 2B (50mM K>;HPO4/KH>PO4, 300mM NaCl, 10mM imidazole, 5% glycerol, pH 8.0,
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supplemented with 2mM B-mercaptoethanol). Washes were briefly incubated with beads before
collection. Protein was collected with 5 elutions of 1BV elution buffer 2 (50mM K>;HPO4/KH;POs,
300mM NaCl, 200mM imidazole, 5% glycerol, pH 8.0, supplemented with 2mM f-
mercaptoethanol). Beads were incubated with elution buffer 2 for ~5 minutes before each elution
was collected.
Round 4: Size exclusion chromatography

TEV protease and contaminant at 70kDa were separated from the protein of interest by size
exclusion chromatography. A HiL.oad 16/600 Superdex 75 prep grade column (Cytiva) connected
to an AKTA pure 25 FPLC (GE Healthcare) was washed with 2CV of filtered water and
equilibrated with 2CV of SEC buffer (50mM KoHPO4+/KH2PO4, 300mM NaCl, pH 8.0). Elutions
from the third round of purification were pooled and concentrated down to a final volume of
~300uL with an Amicon Ultra-0.5 Centrifugal Filter Unit, 3kDa MWCO (MilliporeSigma).
Concentrated protein was injected onto the column and eluted with 1CV of SEC buffer, the first
0.35CV of which was discarded. Elutions were collected in ImL increments with the remaining
0.65CV of SEC buffer. Elutions containing highly purified protein of interest were further
concentrated, aliquoted, snap-frozen in liquid nitrogen and stored at -80°C.
Quantification of purified proteins

Purified proteins were run alongside BSA standards on a 4-12% Criterion XT Bis-Tris
precast polyacrylamide gel (BioRad). Gel was Coomassie stained as described above and proteins
were quantified by band intensity analysis using ImagelJ software (125). The band intensity of the
BSA standards with known concentrations was used to generate a standard curve. The intensity of
the band corresponding to each protein sample was used to interpolate each protein’s concentration

from the equation of the standard curve.

33



Electrophoretic mobility shift assay (EMSA)

EMSAs were performed based on a protocol established by our laboratory to determine the
DNA binding affinity of wild-type and mutant Smc4-NT proteins.

EMSA reactions were separated on 150mL UltraPure agarose gels (1% Ultrapure agarose
[Invitrogen], 10X UltraPure TAE [Invitrogen] in filtered milliQ H>O [Reference A+ Q-POD Milli-
Q Water System, Millipore]). Gels were cast using the Hoefer Sub15 gel electrophoresis kit with
16-well combs and placed at 4°C when solidified until right before reactions were loaded.
Reactions were set up in rigid 8-tube strip PCR tubes with individual attached flat caps (BrandTech
Scientific). Increasing molar amounts of purified Smc4-NT protein were incubated with 0.2nM of
single-stranded ®X174 Virion DNA (New England Biolabs) in a final reaction volume of 25uL in
EMSA buffer (10mM HEPES [pH 7.5], 7mM MgCl: [pH 7.0], 75mM-117.36mM NacCl [pH 8.0],
2mM B-mercaptoethanol). NaCl concentration was matched between different proteins compared
on the same gel. Reactions were incubated at 30°C for 35 minutes, following which 1uL of 5x
GelPilot DNA Loading Dye (Qiagen) was added to each tube. Each reaction was quickly combined
at a 1:1 ratio with UltraPure LMP agarose mixture (0.0012% UltraPure LMP agarose [Invitrogen],
10X UltraPure TAE [Invitrogen] in filtered milliQ H>O) and then loaded one well at a time onto
the UltraPure agarose gel prepared earlier. Protein-DNA complexes were separated by agarose gel
electrophoresis in 1XTAE running buffer (40mM Tris, ImM EDTA, 20mM glacial acetic acid)
with a current of 40V for 960 minutes at 4°C. Gel was stained with 20uL SYBR Gold nucleic acid
stain (ThermoFisher) in 200mL reused 1X TAE running buffer for 1 hour and 15 minutes with
80RPM of agitation on an orbital shaker. Gel was washed 3 times for 10 minutes in 200mL 1xTAE
and imaged with the D-Diget gel imager (LI-COR). At least 3 replicates were performed for each

gel shown.
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Quantification was done using ImageJ software (125). The intensity of each band
(corresponding to the amount of free DNA per lane) was measured. The intensity of the band for
each molar excess of protein was taken as a fraction of the band intensity corresponding to the no
protein reaction band, to determine the percentage of free DNA left per well. Each percentage of

free DNA was subtracted from 100% to obtain the amount of bound DNA per well.

Cdc28-CIb2 kinase assays and EMSAs

1.5pg of purified Smc4-NT protein was combined with 20ng of purified Cdc28-CIb2 in a
final reaction volume of 25uL in kinase buffer (25mM Tris-HCI [pH 7.5], 10mM MgCl,, 0.5mM
EDTA, 2mM DTT, ImM AEBSF, 10uM E-64, 10uM pepstatin A, 200uM tungstate). Buffer was
supplemented with 1mM ATP as needed. For reactions performed with inactivated Cdc28-Clb2,
kinase was boiled for 5 minutes at 95°C prior to addition to kinase reaction. For all reactions,
kinase and ATP were added last. Due to the limited amount of kinase present in each reaction,
reactions were set up in duplicate and combined prior downstream use in EMSAs. This left enough
kinase in the reaction mixture to be detected through Western blot. Phosphorylation reactions were
incubated at 30°C for 30 minutes. To verify phosphorylation, kinase reactions were combined with
4xLaemmli sample buffer (BioRad) supplemented with B-mercaptoethanol, separated on a 14%
SDS-PAGE gel (made with 30% acrylamide/bis-acrylamide [37.5:1] solution), and processed for
Western blot as described above.

EMSA reactions were performed as described above, with kinase reactions used to reach
desired molar excesses of proteins. All salt carryover from kinase assay to EMSA was accounted
for and equilibrated. Kinase reactions containing ATP and reactions without ATP were loaded on

separate gels.
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CK?2 phosphorylation of Smc4-NT

750ng of purified Smc4-NT protein was combined with 500 units of human Casein Kinase
IT (New England Biolabs) in a final reaction volume of 25uL in 1X PK Buffer (50mM Tris-HCI,
10mM MgCl, 0.1mM EDTA, 2mM DTT, 0.01% Brij 35 [New England Biolabs]), supplemented
with ImM ATP. CK2 phosphorylation reaction was set up in duplicate. A control reaction was set
up using the same conditions with 750ng of purified Smc4-NT protein and 10ng purified Cdc28-
CIb2. For all reactions, kinase and ATP were added last. Phosphorylation reactions were incubated
at 30°C for 30 minutes. After reaction completion, duplicate reactions were combined, and all
reactions were stopped with the addition of 4xLaemmli sample buffer (BioRad) supplemented with
B-mercaptoethanol. Reactions, along with stock Smc4-NT protein, were run on a 4-12% Criterion
XT Bis-Tris precast polyacrylamide gel (BioRad) in MOPS running buffer (5S0mM MOPS, 50mM
Tris base, 0.1% SDS, ImM EDTA) for 90 minutes with 150V of current. CK2 reaction was loaded
evenly between 2 wells, one of which was Coomassie stained as described above.

Gel portion containing stock Smc4-NT, Cdc28-Clb2 reaction, and CK2 reaction was
stained for phosphorylation as follows. All incubation steps were carried out at room temperature
on an orbital shaker at ~§ORPM. Following gel run, proteins were fixed twice in gel fixing solution
(50% methanol, 10% glacial acetic acid) for 30 minutes and then overnight. Gel was washed 3
times for 15 minutes in milliQ H>O. Following washes, gel was stained in a foil-wrapped container
(to exclude light) for 75 minutes in 50mL Pro-Q Diamond Phosphoprotein gel stain (ThermoFisher
Scientific). Gel was destained 3 times for 30 minutes in Pro-Q Diamond Phosphoprotein Gel
Destaining Solution (ThermoFisher Scientific) and then washed 3 times for 10 minutes with milliQ
H>0. Gel was imaged using Pro-Q Diamond imaging program of a Gel Doc XR+ Imager (BioRad).

Following imaging, gel was transferred to a new foil-wrapped staining container and immersed in
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50mL SYPRO Ruby Protein Gel Stain (ThermoFisher Scientific) overnight. The next day, gel was
transferred to a new foil-wrapped destaining container and washed with 10% methanol, 7% acetic

acid for 30 minutes. Gel was washed 3 times for 15 minutes in milliQ H>O and then imaged using

the SYPRO Ruby imaging program of a Gel Doc XR+ Imager (BioRad).

Mass spectrometry of CK2-phosphorylated Smc4-NT

Samples were processed for mass spectrometry analysis to identify CK2 phosphorylation
sites in the Smc4-NT in vitro. Phosphorylated Smc4-NT protein was excised from Coomassie-
stained gel, cut in half, and stored in 1% glacial acetic acid. Half of the stained band was submitted
for mass spectrometry analysis at the Ottawa Hospital Research Institute Proteomics Core Facility,
where it was processed by the facility as follows. Proteins were digested in-gel using trypsin
(Promega) according to the method of Shevchenko et al. (126). Peptide extracts were concentrated
by Vacufuge (Eppendorf). LC-MS/MS was performed using a Dionex Ultimate 3000 RLSC nano
HPLC (Thermo Scientific) and Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific).
5% of sample was injected. MASCOT software version 2.8.1 (Matrix Science, UK) was used to
perform peptide-spectrum matching. Observed spectra were matched against UniProt reference
proteome S. cerevisiae UP000002311 (version 2022-05-24) and against a database of common
contaminants. The results were exported to Scaffold (Proteome Software, USA) for further

validation and viewing. The data was analyzed to determine potential phosphorylated residues.

Phosphorylation time courses

Yeast cells with a genotype of cdcl5-2, containing a yeast centromeric plasmid encoding

the Smc4-NT, were synchronized in G1 using a-factor and released at a restrictive temperature of
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37°C to evaluate phosphorylation of Smc4-NT phospho-mutants throughout the duration of one
cell cycle. Strains were grown overnight at 250RPM at room temperature in SC-LEU media to
maintain selective pressure and prevent loss of the plasmid encoding the Smc4-NT. The following
morning, fresh YPD media was inoculated to an ODgoo of 0.225 using overnight culture and grown
for about 3 hours at 250RPM at room temperature until an ODeoo of 0.3 (early log phase). 11mL
of culture was taken as a “log” phase time point sample and processed as described below.
Following time point removal, a-factor was added to the culture to a concentration of Spg/mL and
culture was grown at room temperature at 160RPM. 1.5 hours and 2.5 hours after the initial
addition of a-factor, culture was supplemented with an additional 2pug/mL of a-factor. Cells were
monitored for synchronization in G1 using a Nikon Eclipse 50i light microscope with a 40X
objective until 90% of cells were unbudded with a mating projection, approximately 150-180
minutes after the initial addition of a-factor. Just prior to release, “T=0" time point was taken but
processed after release, as described below. Cells were released by pouring culture into filtering
apparatus and washing with at least 1L of pre-filtered, YPA wash medium prewarmed to 37°C.
Filter containing yeast was placed in a pre-warmed release flask in a water bath at 37°C. Once all
strains were released, yeast was resuspended in YPD medium prewarmed to 37°C. Cultures were
grown at 180RPM in a water bath at 37°C and time points were taken every 30 minutes after
resuspension until 150 minutes.

Time point samples were processed as follows. After centrifugation for 3 minutes at
3700RPM at 4°C, pellets were resuspended in ImL of H»>O. 200uL was transferred to a
microcentrifuge tube for budding index and the remaining volume was transferred to a
microcentrifuge tube for TCA extraction. Both tubes were centrifuged at 4000RPM for 3 minutes

and supernatants were removed by aspiration. Pellet for budding index was resuspended in 1mL
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of 70% EtOH and stored at 4°C until budding index analysis. Just prior to analysis, samples were
centrifuged at 5000 RPM for 5 minutes and pellets were resuspended in 200-600uL 1X PBS
(137mM NaCl, 2.7mM KCI, 10mM Na,HPO4, KH2PO4 [pH 7.2]). At least 100 total cells were
counted per time point (Nikon Eclipse 501 light microscope, 40X objective) to determine the
percentage of budded cells. Pellet for TCA extraction was resuspended in 20% TCA and processed
as described above, but samples were resuspended in 100puL-250pL of 2X complete sample buffer

(100mM Tris-HCI [pH 9.5], 20% glycerol, 4% SDS, 0.2% BPB, 715mM B-mercaptoethanol).

Evaluating phosphorylation throughout cell cycle with 8% Zn** Phos-tag gels

Phosphorylation-induced gel shift of the Smc4-NT was visualized by separating protein
lysates on an 8% 20uM Zn** Phos-Tag gel. A neutral Bis-Tris buffer system was used to prepare
separating and stacking gels. Separating gel buffer consisted of 350 mM Bis-Tris (pH 6.8), 8%
acrylamide/bis-acrylamide 30% solution (37.5:1), 20uM Ready-to-Use Phos-Tag acrylamide
aqueous solution (Cedarlane), 40uM Zn(NOs3)>, 0.13% v/v TEMED, and 0.046% w/v APS.
Stacking gel buffer consisted of 350 mM Bis-Tris (pH 6.8), 4.5% acrylamide/bis-acrylamide 30%
solution (37.5:1), 0.13% v/v TEMED, and 0.046% w/v APS. Gel running buffer consisted of
100mM Tris base, 100mM MOPS, and 0.1% w/v SDS, to which 5SmM sodium bisulfite was added
immediately before electrophoresis. 3 gels were run together under a constant current of 40mA at
4°C for approximately 800 minutes for optimal separation of phosphorylated and non-
phosphorylated protein species.

Prior to transfer of separated proteins to PVDF membranes for immunoblotting, gels were
washed at ~80 RPM, 4 times for 10 minutes each with methanol-free transfer buffer containing

EDTA (25mM Tris base, 192mM glycine, 10mM EDTA). This permitted removal of zinc cations
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that would prevent effective protein transfer to membranes. Gels were then washed 4 times for 10
minutes with methanol-free transfer buffer (25mM Tris base, 192mM glycine) to remove EDTA.
Gels were transferred to 0.45uM PVDF membranes (ThermoFisher Scientific) by semi-dry
transfer (TE77X semi-dry transfer unit, Hoefer). Gels were transferred in transfer buffer (25mM
Tris base, 192mM glycine, 10% v/v methanol) at ImA/cm? constant current for 60-80 minutes.
Following electrophoretic transfer, membranes were allowed to fully dry.

For immunoblotting, membranes were reactivated in methanol, rinsed with milliQ H>O,
and blocked in 3% w/v BSA in TBS-T (20mM Tris base, 150mM NaCl, [pH 7.6], 0.1% Tween-
20) for 1 hour at room temperature (Figure 7) or 4.5% w/v BSA in TBS-T overnight at 4°C (Figure
11). Membranes were probed with 1:1000 a-Myc 9E10 primary antibody (Cedarlane) in 3% BSA
in TBS-T and 1:10 000 HRP-conjugated secondary a-mouse antibody (VWR) in TBS-T, each for
1 hour at room temperature on a variable speed rocker. Blots were rinsed in TBS-T 3 times for 10
minutes at ~100 RPM on an orbital shaker after blocking and antibody incubation steps. Protein-
antibody conjugates were revealed by chemiluminescence through film imaging following
manufacturer’s instructions (Clarity Western ECL substrate [BioRad], Hyperfilm ECL films

[Sigma-Aldrich]).

Statistical analysis of DNA binding through EMSA

Each compared dataset contained all replicates of DNA binding measured at each molar
excess point. Sample distribution for each dataset was calculated with Shapiro-Wilk normality
testing, with a significance level of 0.05. Statistical significance was calculated using parametric
tests, only for sample sets that were found to follow normal (Gaussian) distribution. Statistical

analyses and graphs were generated using Prism 9.0 (GraphPad).
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Figure 6: DNA binding of wild-type Smc4-NT

Statistical significance was calculated with one sample t-tests, to compare Smc4-NT DNA
binding at each molar excess point to the absence of any DNA binding (ME = 0), with a
significance level of 0.05.
Figures 8 and 13: DNA binding of mutants compared to wild-type Smc4-NT

Statistical significance was calculated with two-tailed, paired t-tests with a confidence level
of 95%, to compare wild-type Smc4-NT to mutant Smc4-NT DNA binding at each molar excess
point.
Figure 9: DNA binding of phosphorylated Smc4-NT

Statistical significance was calculated using repeated measures one-way ANOVA tests with
assumed sphericity and Tukey’s multiple comparisons test with a 95% confidence interval. The
mean of each column was compared with the mean of every other column, to compare the DNA
binding of Smc4-NT in the presence and absence of active Cdc28-Clb2, inactive Cdc28-Clb2, and
ATP.
Figures 10 and 13: DNA binding of phosphorylated Smc4-NT mutants

Statistical significance was calculated by performing two-tailed, paired t-tests with a
confidence level of 95%, to compare the DNA binding of Smc4-NT alone to the binding in the

presence of active Cdc28-Clb2, in the presence and absence of ATP.
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Results

The Smc4-NT binds ssDNA

It has previously been shown that several key regions of Smc4, such as the hinge domain
and ATPase heads, bind DNA (33, 34, 77-79). The Smc4-NT is indispensable in yeast and
evolutionary conserved, suggesting it confers an important role to condensin function. The Smc4-
NT region is predicted to be disordered (64), and it has been shown that DNA binding proteins
often possess intrinsically disordered protein “tails” (74). As such, we wondered whether the
Smc4-NT is also implicated in DNA binding.

Although our laboratory has previously successfully overexpressed and purified the Smc4-
NT through the incorporation of a C-terminal hexahistidine tag (64), this method has not yielded
large amounts of protein. We designed the fusion protein GST-Smc4-NT-8xHIS to overexpress
and purify sufficient Smc4-NT protein for use in in vitro DNA binding assays. The incorporation
of a GST tag just upstream of the Smc4-NT promoted the stability of the protein and increased
overexpression (Figure 6A). However, the GST-tag is a large, 26kDa affinity tag that tends to
dimerize (127). As the Smc4-NT protein itself is only ~25kDa, we wondered if the presence of the
GST tag would interfere with the DNA binding activity of the Smc4-NT. We determined that the
GST tag must be removed from the Smc4-NT as lower molar excesses of GST-Smc4-NT were
required to achieve the same binding as Smc4-NT alone (Figure S1).

To evaluate the affinity of exclusively the Smc4-NT for DNA, we designed a workflow to
efficiently purify Smc4-NT from the fusion protein GST-Smc4-NT-8xHIS (Figure 6B). Using four
consecutive rounds of purification, we removed all contaminants, as well as the cleaved GST tag

and HaloTEV protease, from the protein lysate to obtain pure Smc4-NT (Figure 6C, Figure S2).
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Figure 6. Purified Smc4-NT binds DNA in vitro. (A) Coomassie stained gel (left)
and a-His Western blot (middle) showing relative expression levels of GST-Smc4-NT-
8xHIS and Smc4-NT-8xHIS. Relative positions of proteins are indicated on the right;
IN = induced fraction, U = uninduced fraction; S = soluble protein; T = total protein.
(B) Workflow used to purify Smc4-NT from GST-Smc4-NT-8xHIS. (C)
Representative gel showing the different chromatography steps used to purify Smc4-
NT. The positions of the recombinant HaloTEV protease (TEV), uncleaved GST-
Smc4-NT-8xHIS (G-T-Smc4-NT-H), and TEV-cleaved Smc4-NT-8xHIS (Smc4-NT-
H) are indicated on the right. In the fusion protein, “T” refers to a TEV cleavage site
flanked by flexible linkers. Asterisks (*) on gel indicate a contaminant band that co-
migrates at the same molecular weight as HaloTEV protease, present in the purification
sample prior to and following the addition of HaloTEV protease. (D) EMSA with
increasing molar concentrations of Smc4-NT protein relative to 0.2nM ssDNA. DNA-
protein complexes were resolved on a 1% agarose gel and visualized using SYBR Gold
nucleic acid stain. BSA control lane shows a reaction of DNA substrate incubated with
an equivalent amount of BSA to the highest molar excess of Smc4-NT used. Arrow
(«) points to free DNA, single asterisk (*) indicates partially bound DNA, and double
asterisk (**) shows fully bound DNA. (E) Binding curve for wild-type Smc4-NT
binding to ssDNA. Band intensity of free DNA was calculated using ImageJ and
subtracted from 100% free DNA to determine amount of bound ssDNA at each molar
excess point of Smc4-NT. Nonlinear regression was performed to determine the
specific binding of the Smc4-NT using Hill slope. The data reported in the graph shows
the mean DNA binding +/- SEM of n=4. Statistical significance was calculated with
one-sample t-tests to compare the DNA binding of Smc4-NT at each molar excess
point to the absence of binding (ME = 0); no symbol = statistics not calculated;
**p<0.01; ****p<0.0001.

We employed electrophoretic mobility shift assays (EMSAs) in which we incubated
increasing molar excesses of purified Smc4-NT protein with a constant amount of DNA substrate.
Unpublished work from our laboratory has shown that the Smc4-NT has higher affinity for ssDNA
over dsDNA substrates (data not shown). As such, we decided to use ®X174 Virion ssDNA to test
the DNA binding activity of purified Smc4-NT in vitro. We quantitatively separated and visualized
Smc4-NT-bound DNA and free DNA by gel electrophoresis, expecting to observe a retardation in
ssDNA band migration if protein-bound DNA was present (Figure 6D). We observed a significant

retardation in migration of ssDNA when the molar ratio of Smc4-NT to DNA exceeded a 1000-

fold excess of protein to DNA (Figure 6E). Interestingly, based on the Hill slope, the molar excess
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point at which about half the available binding sites on the Smc4-NT were bound to ssDNA, or
the dissociation constant, Kp, was ~5666 fold excess of protein. To confirm that it was indeed
binding of the Smc4-NT to ssDNA that was affecting the migration of ssDNA through the agarose
gel, we ran a control reaction using BSA at the maximum molar excess value of Smc4-NT used.
This did not result in a gel shift of the ssDNA, indicating that the gel migration pattern of ssDNA

is due to binding by Smc4-NT, rather than unspecific molecular crowding effects.

Mass spectrometry identified key phosphorylation sites in the Smc4-NT

Our laboratory has previously shown that while deletion of the Smc4-NT region is lethal
in yeast, removal of the seven minimal consensus Cdk1 phosphorylation sites from the Smc4-NT
in smc4-74 results in viable yeast that exhibits growth defects at a restrictive temperature of 37°C
(64). Since smc4-7A4 is still viable, we wondered if the Smc4-NT contains any additional
phosphorylation sites that do not follow the minimal Cdk1 consensus phosphorylation sequence
(S/T-P-X) that may contribute to the phospho-regulation of the Smc4-NT.

We phosphorylated Smc4-NT and Smc4-7A-NT (in which all minimal consensus Cdk1
phosphorylation sites were mutated to alanine) with Cdc28-CIb2 in vitro. After verifying the
phosphorylation reactions, we sent the phosphorylated proteins for mass spectrometry analysis to
identify any additional phosphorylation sites. Of important note, Smc4-NT proteins were
overexpressed and purified in E. coli cells and should not contain any baseline phosphorylated
residues. Mass spectrometry analysis of purified and phosphorylated Smc4-NT and Smc4-7A-NT
identified nine additional phosphorylation sites in both proteins (Figure 4B: blue = minimal

consensus Cdk1 phosphorylation sites, yellow = mass spectrometry-identified sites). Of these nine
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sites, some have previously been identified as in vivo phosphorylation sites for various kinases by
other research groups (128).

We wondered whether removal of the mass spectrometry-identified phosphorylation sites
would have any proliferative effects on yeast. We created smc4-94, in which we mutated the nine
mass spectrometry-identified phosphorylation sites in SMC4 to alanine, and smc4-16A4, which
combines the mutations in smc4-94 with those in smc4-74 (the Cdkl phospho-site-deficient
allele). We introduced the phospho-mutant smc4 alleles into a wild-type diploid yeast strain for
genomic integration at one allele only. After confirming the presence of the mutations by DNA
sequencing, we assessed the viability of each haploid strain by tetrad spore dissection; all resulting
haploid strains were viable. To further investigate the proliferative effects of these mutations, we
performed cell viability serial dilution assays with the mutant haploid strains. Interestingly, smc4-
94 showed no growth defects at restrictive temperature compared to smc4-7A4. Unexpectedly,
when both sets of mutations were combined in smc4-16A4, the smc4-94 phenotype fully rescued
the growth defects observed in smc4-74 (Figure 7A).

Robellet et al. previously showed that the Smc4-NT is phosphorylated early in mitosis,
whereas Smc-7A-NT experiences no phosphorylation-induced gel retardation throughout the cell
cycle (64). There appears to be a preliminary level of phosphorylation present at the beginning of
the cell cycle in wild-type Smc4-NT, indicated by a “fuzzy” Western blot band at T=0 as opposed
to a clean single band for Smc4-7A-NT at the same time point (Figure 7B). We wondered if
removal of the mass spectrometry-identified phosphorylation sites in Smc4-9A-NT would impact
this initial level of phosphorylation. We transformed plasmids expressing either Smc4-9A-NT or
Smc4-16A-NT into cdcl5-2 strains for use in phosphorylation time course assays. The use of

strains with the temperature sensitive cdcl5-2 allele allowed us to evaluate the phosphorylation
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Figure 7. Abrogation of putative Cdkl phosphorylation sites in the Smc4-NT
affects yeast growth and cell cycle dependent phosphorylation of the Smc4-NT.
(A) Growth phenotype of haploid yeast strains containing the smc4-74, smc4-94, and
smc4-16A4 mutations. Five-fold serial dilutions of MATa wild-type (untagged), Strep-
tagged wild-type (SMC4-3xSTII), and Strep-tagged phospho-mutant smc4 strains were
spotted on solid medium. Strains were grown at 23°C and 37°C for 36 hours and 30
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hours, respectively, to evaluate sensitivity of growth to temperature, n=3. Time course
analyses of Smc4-NT phosphorylation in the presence and absence of (B) minimal
consensus Cdkl sites (Smc4-7A-NT), (C) mass spectrometry-identified Cdkl
phosphorylation sites (Smc4-9A-NT), and (D) minimal consensus and mass
spectrometry-identified Cdk1 phosphorylation sites (Smc4-16A-NT). Cells expressing
wild-type or phospho-mutant Smc4-NT were arrested in G1 using a-factor and
released at restrictive temperature (37°C). Samples were taken at 30-minute intervals
to evaluate cell cycle-dependent phosphorylation-induced gel retardation (right).
Representative budding index of cells throughout time course experiment
corresponding to blot is shown on the left.
state throughout the duration of one cell cycle, as this allele is defective in mitotic exit at a
restrictive temperature of 37°C. We used alpha factor to arrest these strains in the G1 stage of the
cell cycle at a permissive temperature of 23°C. Cell cycle arrest was confirmed by evaluating the
morphological changes of cells until most of the cell population adopted a “shmoo” morphology.
Cells were then released from cell cycle arrest at a restrictive temperature, and time points were
collected at regular intervals. To verify the phosphorylation status of the Smc4-NT, we ran cell
lysates on Phos-Tag SDS-PAGE gels, which allow for increased separation of phosphorylated vs
unphosphorylated species of the same protein relative to regular SDS-PAGE (129). Surprisingly,
while demonstrating no discernable growth defects in yeast, Smc4-9A-NT appeared to show a
complete loss of detectable phosphorylation throughout the cell cycle (Figure 7C). Smc4-16A-NT
also experienced a loss of detectable phosphorylation-induced gel retardation resembling that of
Smc4-9A-NT (Figure 7D). These results suggest that the mass spectrometry-identified sites are in
vivo phosphorylation sites in the Smc4-NT, that contribute to the phosphorylation-dependent
regulatory mechanism of the Smc4-NT. That removal of these sites alone is sufficient to show
complete loss of detectable phosphorylation of the Smc4-NT suggests that regulation of the Smc4-

NT may not be exclusively done by Cdkl, but by various kinases whose activity is

spatiotemporally regulated during the cell cycle.
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Smc4-NT phospho-mutants demonstrate different affinities for ssDNA

We wondered whether removal of the minimal consensus Cdkl or mass spectrometry-
identified phosphorylation sites from the Smc4-NT would affect its affinity for ssDNA. To test the
importance of these sites for DNA binding through EMSA, we overexpressed and purified Smc4-
7A-NT (Figure 8A), Smc4-9A-NT (Figure 8B), and Smc4-16A-NT (Figure 8C) in E. coli. We
used the same workflow as optimized with wild-type Smc4-NT protein (Figure 6B). We incubated
the mutant Smc4-NT proteins with ssDNA in EMSAs to establish the baseline DNA binding
activity of the mutants and determine if DNA binding activity was reduced with the elimination of
key residues. It is important to note that the ssDNA binding affinity for each mutant was evaluated
alongside wild-type protein on the same agarose gel, with equilibrated salt concentrations and
identical parameters. As such, though the exact binding at each molar excess point for wild-type
protein varies across different gels and on different mutant binding curves, this measure should be
taken as a relative value that serves as a comparison point for each mutant. From the resulting Hill
plots, we discovered that relative to wild-type protein (Kp =~ 5326-fold excess), Smc4-7A-NT
exhibited slightly more affinity for ssDNA (Kp = 3854-fold excess), though the binding at any
molar excess point was not statistically significant compared to wild-type protein (Figure 8D). In
contrast, Smc4-9A-NT exhibited slightly lower affinity for ssDNA (Kp = 4582-fold excess)
compared to wild-type protein (Kp = 3314-fold excess), though again, this was not statistically
significant (Figure 8E). When both sets of mutations were combined in Smc4-16A-NT, the mutant
showed visibly more binding to ssDNA compared to wild-type protein (Kp = 2832-fold excess for
Smc4-16A-NT and Kp = 5688-fold excess for wild-type protein) (Figure 8F). None of the mutants

showed significantly different binding at any molar excess point relative to wild-type protein.
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Figure 8. Purified Smc4-NT phospho-mutant proteins bind ssDNA with slight
differences to wild-type protein. Representative gels showing a summary of
chromatography steps used to obtain purified (A) Smc4-7A-NT, (B) Smc4-9A-NT, and
(C) Smc4-16A-NT proteins. The positions of recombinant HaloTEV protease,
uncleaved GST-tagged proteins, and TEV-cleaved proteins are indicated on the right.
In the fusion proteins, “T” refers to a TEV cleavage site flanked by flexible linkers
between the GST tag and the Smc4-NT. Asterisks (*) on gel indicate a contaminant
band that co-migrates at the same molecular weight as HaloTEV protease, present in
the purification samples prior to and following the addition of HaloTEV protease.
EMSA gels (left) and binding curves (right) with increasing molar concentrations of
wild-type Smc4-NT compared to (D) Smc4-7A-NT, (E) Smc4-9A-NT, and (F) Smc4-
16 A-NT mutant proteins. Increasing molar amounts of protein were incubated with
0.2nM ssDNA and resolved by gel electrophoresis. ssDNA was visualized using SYBR
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Gold nucleic acid stain. BSA control reaction contains DNA substrate incubated with
an equivalent amount of BSA to the highest molar excess of Smc4-NT used. Arrow
(«—) points to free DNA, single asterisk (*) indicates partially bound DNA, and double
asterisk (**) shows fully bound DNA. Band intensity of free DNA was calculated
using ImageJ and subtracted from 100% free DNA to determine amount of bound
ssDNA at each molar excess point of Smc4-NT. Nonlinear regression was performed
to determine the specific binding of the Smc4-NT using Hill slope. Data was quantified
using Image J and shows an average +/- SEM of n=3 (D) and n=4 (E, F). Statistical
significance was calculated with two-tailed, paired t-tests to compare mutant Smc4-
NT to wild-type Smc4-NT DNA binding at each molar excess point; ns = not
significant.

Taken together, these results suggest that at baseline, the residues thought to be putative

phosphorylation sites do not directly confer DNA binding activity to the Smc4-NT.

Phosphorylation of the Smc4-NT abrogates DNA binding activity

Having established that the Smc4-NT has baseline DNA binding activity, we next wanted
to investigate the effects of Cdk1 phosphorylation on the affinity of the Smc4-NT for ssDNA. We
used yeast Cdc28-CIb2 to phosphorylate the Smc4-NT in vitro; the presence of phosphorylated
Smc4-NT was confirmed by gel retardation of the substrate after electrophoresis (Figure 9A,
reaction B). We also heat-denatured Cdc28-Clb2 to abrogate its kinase activity and incubated
inactivated Cdc28-Clb2 with Smc4-NT in the presence of ATP, to further confirm that any changes
in electrophoretic behaviour of the Smc4-NT were indeed due to phosphorylation by Cdc28-Clb2
(Figure 9A, reaction D). Additionally, we set up a series of identical reactions without any ATP, to
investigate whether merely the presence of Cdc28-Clb2 alone would be enough to impact the DNA
binding activity of the Smc4-NT (Figure 9A, reactions A’-E’).

We discovered that phosphorylation of wild-type Smc4-NT by Cdc28-Clb2 completely
abrogated its affinity for ssDNA (Figure 9C, lanes 6-8). Interestingly, when inactivated Cdc28-

CIb2 was combined with Smc4-NT in the presence of ATP, we observed more DNA binding
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Figure 9. Cdc28-Clb2 modulates Smc4-NT affinity for DNA. (A) /n vitro kinase
assays of Smc4-NT with active and denatured Cdc28-CIb2, in the presence (reactions
A-E) and absence (reactions A’-E’) of ATP. Purified Smc4-NT protein was incubated
alone (A, A”), with active Cdc28-Clb2 (B, B’) or with heat-inactivated Cdc28-Clb2 (D,
D’). Negative control reactions for DNA binding were set up with just active Cdc28-
CIb2 (C, C’) or inactive Cdc28-CIb2 (E, E’). After incubation, proteins were separated
on a 14% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane
probed for the Smc4-NT or CIb2 subunit using a-His or a-Strep antibodies,
respectively. All panels for western blot were run on one blot but are presented in
separate panels to match the loading order of reactions in EMSAs. (B) Quantification
of bound ssDNA at each molar excess point of Smc4-NT for all conditions. Band
intensity of free DNA was calculated using ImageJ and subtracted from 100% free
DNA to determine amount of bound ssDNA for each molar excess point of Smc4-NT.
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Data shows an average +/- SEM of n=3. Statistical significance was calculated by
repeated measures one-way ANOVA tests to compare all column means; no symbol =
statistics not calculated; ns = not significant; *p<0.05; **p<0.01; ***p<0.001;
*Hx%£p<0.0001. (C) EMSA with Smc4-NT protein from in vitro kinase assays. EMSAs
with increasing molar concentrations of Smc4-NT, incubated alone or with active or
inactive Cdc28-Clb2 in the presence (left) or absence (right) of ATP. Kinase reactions
were used at indicated molar excesses in EMSA reactions with a constant amount of
0.2nM ssDNA. Protein-DNA complexes were separated on a 1% agarose gel and
visualized with SYBR Gold nucleic acid stain. Reactions C, C’, E’ and E’ contain only
active or denatured Cdc28-CIb2 and serve as negative controls for DNA binding.
Arrow («—) points to free DNA, single asterisk (*) indicates partially bound DNA, and
double asterisk (**) shows fully bound DNA. All wells were equalized for salt
concentration including carryover from kinase reactions.

compared to Smc4-NT alone (Figure 9C, lanes 2-4 vs lanes 11-13). Quantification of DNA binding
at 3000-fold molar excess of protein: DNA in the presence of ATP showed a significant contrast
between Smc4-NT affinity for ssDNA in different conditions (Figure 9B). We did not observe any
DNA binding in reactions that contained only active or inactive kinase without Smc4-NT,
indicating that this change in DNA binding affinity was indeed due to modulation of the Smc4-NT
and not due to intrinsic binding activity of Cdc28-Clb2 (Figure 9C, lanes 9 and 14, respectively).
We used the ATP-free reactions to determine whether the presence of Cdc28-Clb2 alone
would be enough to modulate the affinity of Smc4-NT for DNA. Interestingly, removal of ATP
from the kinase reactions prevented phosphorylation of Smc4-NT but still influenced its affinity
for ssDNA. We found that compared to binding by the Smc4-NT alone, the mere presence of
Cdc28-CIb2 in the reaction, whether active or inactive, caused a “super-shift” in DNA binding by
the Smc4-NT (Figure 9C, lanes 17-19 vs lanes 21-23 for active kinase and lanes 26-28 for inactive
kinase). Again, this phenotype was not recapitulated upon incubation of the kinase alone with
ssDNA substrate (Figure 9C, lanes 24 and 29). This “super-shift” was quantifiably observable at
the 5000- and 6000-fold molar excess of protein: DNA, where there was a significant difference

between the DNA binding of Smc4-NT alone vs. when combined with active or inactive kinase
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(Figure 9B). To ensure that the observed increase in binding was not due to stabilization of the
Smc4-NT by a large protein complex, we performed control “kinase assays” in which we combined
Smc4-NT with BSA protein instead of Cdc28-CIb2 prior to incubation with ssDNA. This set of
assays did not generate the same “super-shifts” (data not shown). Such a DNA binding “super-
shift” was observed when Smc4-NT was combined with active or inactive Cdc28-Clb2, suggesting
that Cdc28-Clb2 binds the Smc4-NT to further retard the migration of the Smc4-NT-DNA complex
through the gel. As heat-denaturing Cdc28-CIb2 did not hinder this “super-shift”, the interaction
between the Smc4-NT and Cdc28-Clb2 may be mediated by the interaction of a specific sequence

of residues between the two proteins.

Smc4-NT phospho-mutants show phosphorylation-dependent DNA binding differences

Having established that phosphorylation of the Smc4-NT modulates its affinity for ssDNA
through EMSA, we wondered how phosphorylation of mutant Smc4-NT proteins lacking putative
phosphorylation sites would influence their ability to bind DNA. We used only active Cdc28-Clb2
to repeat the kinase assays coupled to EMSAs as performed with wild-type Smc4-NT protein, in
the presence and absence of ATP (Figure 10).

We discovered that Smc4-7A-NT, lacking the minimal consensus Cdk1 phosphorylation
sites, did not experience a change in electrophoretic behaviour after incubation with Cdc28-Clb2
and ATP (Figure 10A, left). This may not necessarily mean that Smc4-7A-NT is not
phosphorylated by Cdc28-Clb2 at all, but does indicate that the extent of detectable
phosphorylation is decreased upon removal of these key sites. In line with this assumption, Smc4-
7A-NT protein incubated with ssDNA in the presence of Cdc28-Clb2 and ATP did not show

phosphorylation-dependent DNA binding defects (Figure 10A, right). However, in both ATP and
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Figure 10. Removal of minimal consensus Cdkl phosphorylation sites in the
Smc4-NT abrogates phosphorylation-dependent DNA binding defects. /n vitro
kinase assays (left) of (A) Smc4-7A-NT, (B) Smc4-9A-NT, and (C) Smc4-16A-NT
with active Cdc28-Clb2, in the presence (reactions A-C) and absence (reactions A’-C”)
of ATP. Purified mutant Smc4-NT proteins were incubated alone (A, A’) or with active
Cdc28-CIb2 (B, B’). Negative control reactions for DNA binding were set up with only
Cdc28-Clb2 (C, C’). Wild-type Smc4-NT was phosphorylated alongside each mutant
(ctrl) to confirm Cdc28-CIb2 enzyme efficiency. Kinase reaction completion was
validated by immunoblot analysis of Smc4-NT proteins to verify presence of kinase
and phosphorylated or unphosphorylated Smc4-NT protein. For each assay, all panels
for western blot were run on one blot but are presented as shown in separate panels to
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match the loading order of reactions in EMSAs. Quantification of bound ssDNA at
each molar excess point (middle) of (A) Smc4-7A-NT, (B) Smc4-9A-NT, and (C)
Smc4-16A-NT for all conditions. Band intensity of free DNA was calculated using
ImageJ and subtracted from 100% free DNA to determine amount of bound ssDNA at
each molar excess point of Smc4-NT. Data shows an average +/- SEM of n=3.
Statistical significance was calculated with two-tailed, paired t-tests to compare the
DNA binding of Smc4-NT alone to the presence of Cdc28-Clb2 in ATP and ATP-free
conditions; no symbol = statistics not calculated; ns = not significant; *p<0.05;
*#%p<0.001. EMSASs (right) with increasing molar concentrations of (A) Smc4-7A-
NT, (B) Smc4-9A-NT, and (C) Smc4-16A-NT proteins from in vitro kinase assays in
the presence (left) or absence (right) of ATP. Kinase reactions were used at indicated
molar excesses for EMSA reactions with a constant amount of 0.2nM ssDNA. Protein-
DNA complexes were separated on 1% agarose gels and visualized with SYBR Gold
nucleic acid stain. Reactions C and C’ contain only Cdc28-Clb2 and serve as negative
controls for DNA binding. Arrow («) points to free DNA, single asterisk (*) indicates
partially bound DNA, and double asterisk (**) shows fully bound DNA. All wells were
equalized for salt concentration including carryover from kinase reactions.

ATP-free conditions, the presence of Cdc28-Clb2 caused a DNA binding “super-shift” when
Smc4-7A-NT was combined with ssDNA (Figure 10A, center, right). This reinforces the idea that
Cdc28-CIb2 and Smc4-NT do not interact solely due to phosphorylation, but that there is a physical
interaction between the two proteins mediated by a linear sequence of residues.

Next, we tested the affinity of Smc4-9A-NT for ssDNA when combined with Cdc28-Clb2,
with and without ATP. We found that Smc4-9A-NT still showed phosphorylation-induced gel
migration retardation (Figure 10B, left). This is likely due to the presence of the minimal Cdkl
consensus phosphorylation sites in this mutant that are responsible for the major detectable
phosphorylation-induced band shift of the protein. Interestingly, phosphorylation of Smc4-9A-NT
by Cdc28-Clb2 completely abrogated DNA binding activity, and the presence of Cdc28-Clb2
without ATP was enough to generate a DNA binding “super-shift” (Figure 10B, center, right). As
this mutant does not lack the minimal consensus Cdk1 phosphorylation sites, these sites could still
be phosphorylated by Cdc28-CIb2 in vitro and exert influence on Smc4-9A-NT’s DNA binding

activity. Importantly, the phosphorylation of Smc4-9A-NT by Cdc28-Clb2 was conducted in an
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isolated, reconstituted, in vitro environment, where Cdc28-Clb2 and ssDNA were added
sequentially to Smc4-9A-NT. The lack of phosphorylation sites in Smc4-9A-NT still modulated
the phosphorylation status of the Smc4-NT in vivo, as seen in Figure 7C, suggesting that these sites
may be targets for other kinases, a possibility we will explore further later on.

When both sets of mutations were combined in Smc4-16A-NT, Cdc28-Clb2 did not appear
to phosphorylate the Smc4-NT in the presence of ATP, likely due to the lack of the minimal
consensus Cdkl phosphorylation sites (Figure 10C, left). The DNA binding phenotype after
incubation with kinase also most closely resembled that of Smc4-7A-NT, where there were no
DNA binding defects after incubation with Cdc28-Clb2 and ATP, and a DNA binding “super-shift”
in the presence of Cdc28-ClIb2 alone (Figure 10, middle, right). Altogether, these results suggest
that the sites absent in Smc4-7A-NT are more directly targeted by Cdk1 in vitro in yeast, whereas
the sites lacking in Smc4-9A-NT could be targets for other kinases or not as preferentially
phosphorylated by Cdc28-CIb2 in vitro. Thus, removal of phosphorylation sites in Smc4-7A-NT
abrogates any phosphorylation-dependent DNA binding defects in the Smc4-NT, whereas removal
of the Smc4-9A-NT sites is insufficient to prevent DNA binding defects, indicating that DNA

binding by the Smc4-NT is regulated in a phosphorylation-dependent manner.

Deletion of CK2 affects viability of yeast and in vivo phosphorylation of the Smc4-NT

It has previously been shown that condensin is regulated by many mitotic kinases such as
Cdc5 and Ipll, in addition to Cdk1(104). However, recent evidence has shown that condensin also
plays a role in regulating interphase chromatin structure, despite not being as directly implicated
as other interphase regulators (55, 92, 106, 115). Of particular interest, CK2 plays an important

role in negatively regulating interphase condensin (62, 112).
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As removal of the mass spectrometry-identified phosphorylation sites in the Smc4-NT
abrogated phosphorylation of the Smc4-NT in a cell cycle dependent manner (Figure 7C), but did
not fully abrogate phosphorylation of the Smc4-NT in vitro (Figure 10B), we hypothesized that
these sites may serve as secondary, inhibitory phospho-sites that are targeted by a different kinase.
Specifically, we wondered if the Smc4-NT is regulated in a multistep phosphorylation mechanism
in which it is activated by Cdkl phosphorylation and inhibited by CK2 phosphorylation prior to
the onset of mitosis. To investigate this possibility, we deleted the beta regulatory subunits of CK2
(i.e., Ckbl and Ckb2) in SMC4, smc4-7A4, smc4-9A4, and smc4-164 strains, as deletion of the alpha
subunits of CK2 results in lethality (130). We observed that the phenotype of ckbiAckb24 was
dominant over each of the phenotypes for smc4-74, smc4-94, and smc4-16A individually (Figure
11A). Specifically, while smc4-7A4 appeared to be fully rescued by ckb14ckb24, the phenotypes of
smc4-9A4 ckblAckb24 and smc4-16A4 ckblAckb24 were slightly temperature sensitive relative to
smc4-94 and smc4-164 alone. Rescue of a temperature sensitive smc4 mutant by deletion of CKB1
and CKB2 has also previously been shown in S. pombe, where the growth defects in cut3-477
mutants were circumvented by individual deletion of CKBI or CKB2 (111). Additionally, deletion
of CKB1 and CKB?2 did not appear to affect the abundance of Smc4 proteins through immunoblot
analysis (Figure 11B). It has previously been shown that Smc4-7A is less abundant than wild-type
Smc4, but the reduction of protein levels of Smc4-7A is not responsible for observable growth
defects (64).

We next wondered how deletion of Ckbl and Ckb2 would affect the phosphorylation of
the Smc4-NT throughout the cell cycle. We crossed the strains used in phosphorylation time
courses with ckblAckb2A strains, performed phosphorylation time course assays, and separated

lysates on Phos-Tag gels to visualize their phospho-shifts. We had initially hypothesized that the
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Figure 11. Deletion of beta regulatory subunits of CK2 affects cell viability and
cell cycle dependent phosphorylation of Smc4-NT. (A) Deletion of CKBI and CKB?2
has a dominant growth phenotype over all other mutations. Five-fold serial dilutions
of MATa haploid strains were spotted on solid medium and grown at 23°C and 37°C
for 30 hours or 36 hours to evaluate sensitivity of growth to temperature, n=3. All
strains bracketed with “tagged” are tagged with 3xSTII at the C-terminus of SMCH4.
(B) Immunoblot probed with a-Strep shows that all Smc4 mutant proteins are
expressed in yeast. Phosphorylation time courses comparing Smc4-NT
phosphorylation in a strain lacking Ckb1 and Ckb2, combined with the absence of (C)
minimal consensus Cdk1 sites (Smc4-7A-NT), (D) mass spectrometry-identified Cdk1
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phosphorylation sites (Smc4-9A-NT), and (E) minimal consensus and mass
spectrometry-identified Cdk1 phosphorylation sites (Smc4-16A-NT). Cells expressing
wild-type or phospho-mutant Smc4-NT in a cdcl5-2 ckblA ckb24 background were
arrested in G1 with a-factor and released at a restrictive temperature of 37°C. Samples
were taken at 30-minute intervals to evaluate cell cycle-dependent phosphorylation-
induced gel retardation (right). Representative budding index of cells throughout time
course experiment corresponding to blot is shown on the left.
mass spectrometry-identified phosphorylation sites were responsible for the initial level of
phosphorylation that can be observed at T = 0 in wild-type Smc4-NT, and that removal of these
sites would not cause a complete loss of phosphorylation in Smc4-9A-NT as seen in Smc4-7A-NT
(Figure 7B). However, surprisingly, Smc4-9A-NT and Smc4-16A-NT both experienced what
appeared to be a complete loss of phosphorylation throughout the cell cycle, and no observable
preliminary phosphorylation at T = 0 (Figure 7C, D). Thus, we did not expect that deletion of
CKBI and CKB2 would have more stringent impacts on phosphorylation through immunoblot
analysis than we had already seen, as was proven to be the case for Smc4-7A-NT (Figure 11C),
Smc4-9A-NT (Figure 11D), and Smc4-16A-NT (Figure 11E). However, when observing the
phosphorylation of wild-type Smc4-NT throughout the cell cycle in strains lacking Ckbl and
Ckb2, it appeared as though the Smc4-NT was present mainly as 2 distinct bands, one
unphosphorylated band, and one phosphorylated band. This contrasts wild-type Smc4-NT’s
electrophoretic behaviour in a strain containing Ckb1 and Ckb2, where phosphorylation presented
as more of a “smear” rather than in distinct forms (Figure 11C vs 7B, Smc4-NT). Thus, the absence
of a “smear” could indicate that phosphorylation by CK2 is responsible for the “fuzzy” band that
appears at T=0 in wild-type Smc4-NT protein. Furthermore, it appears as though in a strain lacking
Ckbl and Ckb2, wild-type Smc4-NT protein stayed partially unphosphorylated throughout the cell

cycle, as demonstrated by the “unphosphorylated” band present at every time point. Taken

together, we propose that the mass spectrometry-identified phosphorylation sites may remain
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residually phosphorylated at the onset of a new cell cycle, where Cdk1l phosphorylation of the
Smc4-NT occurs before dephosphorylation of the sites that have been inhibitorily phosphorylated

by CK2 during interphase.

The Smc4-NT is phosphorylated by CK2 in vitro

Having determined that deletion of the beta regulatory subunits of CK2 appeared to have
effects on the cell cycle dependent phosphorylation of the Smc4-NT in vivo, we next sought to
determine whether the Smc4-NT is directly phosphorylated by CK2 in vitro. We first attempted to
verify the phosphorylation status of the Smc4-NT by incubating it with human CK2 in the presence
of ATP and running the reaction mixture on a 14% agarose gel. This technique has successfully
been used to show phosphorylation of the Smc4-NT by Cdkl through the appearance of a
phosphorylation-induced band shift of the Smc4-NT (64) (Figure 9A). We were unable to detect
phosphorylation of the Smc4-NT through this method (data not shown), so we moved to an
alternate approach using a phosphoprotein-specific fluorescent stain. We set up kinase reactions
with purified Smc4-NT and CK2 and ran a polyacrylamide gel which was stained with Pro-Q
Diamond Phosphoprotein gel stain. This phosphoprotein-specific stain selectively targets
phosphorylated residues, presenting a convenient alternative to the use of radiolabelled ATP to
verify kinase reactions (131). To confirm the efficacy of the kinase reaction and the Pro-Q
Diamond stain, we also phosphorylated Smc4-NT with Cdc28-Clb2 as a positive control and used
bacterially purified Smc4-NT as a negative control. We observed that Pro-Q Diamond stained both
kinase reaction lanes and did not stain the lane containing the substrate only control, indicating
that the Smc4-NT is phosphorylated by CK2 in vitro (Figure 12A). To further validate that the

signal detected was indeed due to phosphorylated residues only, we stained the gel with SYPRO
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Figure 12. CK2 phosphorylates the Smc4-NT in vitro. (A) In vitro kinase reactions
incubating purified Smc4-NT alone (1% lane, negative control), with Cdc28-Clb2 (2™
lane, positive control) or with CK2 (3™ lane). After incubation, proteins were separated
on a 4-12% SDS-polyacrylamide gel and stained with Pro-Q Diamond phosphoprotein
stain (top) followed by SYPRO Ruby total protein stain (bottom). (B) In vitro kinase
reaction of Smc4-NT with CK2 was separated on a 4-12% SDS-polyacrylamide gel
and revealed by Coomassie staining; band was excised and sent for mass spectrometry
analysis. (C) Removal of only mass spectrometry-identified CK2 phosphorylation
sites is not sufficient to rescue the growth defects observed in smc4-74. Mass
spectrometry-detected CK2 phosphorylation sites in the Smc4-NT were mutated in
SMC4 and smc4-7A. Five-fold serial dilutions of MATa haploid untagged wild-type
and tagged wild-type and mutant SM(C4 strains were spotted on solid medium and
grown at 23°C and 37°C for 30 hours or 36 hours to evaluate sensitivity of growth to
temperature, n=3. Tagged strains have a 3xStrep tag at the C-terminus of Smc4.

Ruby total protein fluorescent stain. We observed an equivalent amount of protein in all lanes,

including the no kinase control lane. Thus, we determined that the Smc4-NT is phosphorylated by
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CK2 in vitro. We ran the same CK2-phosphorylated Smc4-NT protein on a gel that was stained
with Coomassie Brilliant Blue, excised the band, and sent it for mass spectrometry analysis to
identify phosphorylated residues (Figure 12B).

The general minimal consensus motif for CK2 is S/T-X-X-E/D, though variations of this
sequence, such as S/T-X-E/D and S/T-E/D, can also be phosphorylated (132). Mass spectrometry
analysis of CK2-phosphorylated Smc4-NT identified a potential phosphorylation site at S40,
which falls into the S-E potential phosphorylation sequence for CK2. Also identified as a potential
phosphorylation site was S67 or S68, the former of which initiates the sequence S-S-G-E,
following the ideal minimal consensus motif for CK2. The first mass spectrometry analysis of
Cdc28-CIb2-phosphorylated Smc4-NT also identified S68 as a putative phosphorylation site. We
wondered whether removal of these 3 sites would be sufficient to recapitulate the rescue of smc4-
74 by smc4-94. We thus created S40A, S67A, and S68A mutations in SMC4 as well as in smc4-
74 and tested whether these mutants had growth defects at restrictive temperature.

We observed that smc4-S404, S67A4, S684 showed very slight growth defects at a
nonpermissive temperature of 37°C; these effects were not as prominent as the defects seen in
ckblA ckb24, but were more severe than smc4-94, which showed no temperature-dependent
growth defects (Figure 12C). Furthermore, combining these 3 mutations with smc4-74 did not
rescue its growth defects, in contrast to the effects seen in smc4-164 or after the deletion of CKB1
and CKB2. Taken together, these results show that removal of mass spectrometry-identified CK2
phosphorylation sites in the Smc4-NT are not sufficient to rescue the growth defects observed in

smc4-74, indicating there may be more sites targeted by CK2 in the Smc4-NT.
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The cyclin binding motifs in the Smc4-NT mediate its interaction with Cdc28-CIb2

Based on results obtained through EMSAs, phosphorylation of the Smc4-NT by Cdc28-
Clb2 abrogates DNA binding of the Smc4-NT. However, when Smc4-NT is combined with active
Cdc28-CIb2 in the absence of ATP, or with heat-inactivated Cdc28-Clb2, there is an apparent
increase in DNA binding by the Smc4-NT. This binding does not appear to be due to stabilization
of the protein by nature of a large protein complex, indicating that there may be a physical
interaction between Cdc28-Clb2 and Smc4-NT that is mediated by a linear stretch of residues.

We first attempted to detect this interaction through pulldown assays in which tagged
Cdc28-CIb2 was bound to beads and incubated with His-tagged Smc4-NT (data not shown).
However, even upon the addition of ssDNA to help mediate or trigger the reaction, we were unable
to detect a direct interaction between Cdc28-Clb2 and Smc4-NT. The major limitation of this
experiment is that it is generally used to characterize strong or stable protein interactions. As such,
if the interaction between Cdc28-Clb2 and Smc4-NT is transient or weak, or is mediated by other
proteins or PTMs, it would not necessarily be detected through such a pulldown assay. We moved
to a biological approach to try to detect an interaction between the Smc4-NT and Cdc28-Clb2.
Substrates of CDK-cyclin complexes often contain RxL docking motifs that interact with the
hydrophobic patches of cyclins to mediate CDK targeting to their substrates (99). The Smc4-NT
contains two RxL motifs, RKL (residues 62-64) and RRL (residues 120-122). We wondered
whether ablation of the two RxL docking motifs in the Smc4-NT would prevent Cdc28-Clb2 from
targeting the Smc4-NT, as it has previously been shown that removal of the RxL motifs from the
Smc4-NT reduced the extent of its cell cycle-dependent phosphorylation (64).

We attempted to create haploid yeast strains containing smc4-rx[A mutations by

introducing the mutant allele into a wild-type diploid yeast strain for genomic integration at one
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allele only and creating haploid strains by tetrad spore dissection. However, tetrad spore
dissections of SMC4/smc4-rxIA strains showed a non-Mendelian segregation pattern of 3:1 viable
spores, possibly due to errors in meiosis (Figure 13A). Haploid strains isolated from these tetrads
showed differential temperature sensitivities despite having the same sequenced genotype at the
Smc4-NT (data not shown). We also observed diploid strains that appeared to be temperature
sensitive, but when dissected, did not result in temperature sensitive haploid strains (data not
shown). To determine the true phenotype of smc4-rxlA, we transformed full length smc4-rxi4A
under the natural SMC4 promoter into the URA3 locus of the highly temperature sensitive smc4-
22 strain (77). As the smc4-22 mutant is viable at 23°C but nonviable at 37°C, the true phenotype
of smc4-rxlA would be revealed at 37°C. We observed that at 37°C, smc4-rxl4 rescued the growth
defects caused by smc4-22 (Figure 13B). This indicates that smc4-rx/A expresses a functional copy
of Smc4 and does not have dominant growth defects. We also transformed smc4-rxl4 into the
URA3 locus of a strain with wild-type SMC4 at its endogenous locus and did not observe any
dominant growth defects in this strain at restrictive temperature (Figure 13B). Furthermore,
immunoblot analysis showed that Smc4-rx1A protein was expressed from the URA3 locus in strains
with endogenous SMC4 or smc4-22, albeit at a slightly lower level than wild-type Smc4 protein
(Figure 13C). Taken together, these results indicate that ablation of the RxL motifs in Smc4-NT
does not result in dominant effects on cell viability and protein expression.

As Robellet et al. showed the importance of the RxL motifs in regulating the cell cycle-
dependent phosphorylation of the Smc4-NT, we wondered whether removal of these motifs would
impact the DNA binding activity of the Smc4-NT (64). We purified Smc4-rxIA-NT protein by
expressing GST-Smc4-rxIA-NT-8xHIS in E. coli and performing 4 consecutive rounds of

purification as described earlier (Figure 6B, Figure 13D). Unexpectedly, despite the rescue of
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Figure 13. Mutation of cyclin binding motifs in the Smc4-NT generates functional
Smc4 protein with severe DNA binding defects. (A) Tetrad spore dissection of
SMC4/smc4-rxlA-3xSTII has a non-Mendelian segregation pattern. The genotype of
spores was determined by evaluating growth on SC-HIS plates using the HIS3 marker
associated with the smc4-rxlA allele; + indicates wild-type SMC4. (B) The smc4-rxlA-
3xSTII gene integrated at the URA3 locus of smc4-22 rescues the growth phenotype
associated with smc4-22 and shows no dominant growth defects when integrated at the
URA3 locus of a wild-type yeast strain. Five-fold serial dilutions of the MATa haploid
strains were spotted on solid medium. Strains were grown at 23°C and 37°C for 30
hours or 36 hours days to evaluate sensitivity of growth to temperature, n = 3. Strains
labelled “empty” or “smc4-rxIA-3xSTII” are transformed with an empty Yiplac21l
vector or Yiplac211-Psmc4-smc4-rxIA-3xSTII (under the natural SMC4 promoter) at
the URA3 locus. (C) Immunoblot analysis shows that Smc4-rxlA-3xSTII protein is
expressed when integrated at the URA3 locus of yeast. (D) Representative gels
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showing a summary of chromatography steps used to obtain purified Smc4-rxlA-NT
protein. The positions of recombinant HaloTEV protease, uncleaved GST-tagged
Smc4-rxIA-NT protein, and pure Smc4-rxlA-NT protein are indicated on the right. In
the fusion protein, “T” refers to a TEV cleavage site flanked by flexible linkers
between the GST tag and Smc4-rxlA-NT. Asterisks (*) on gel indicate a contaminant
band that co-migrates at the same molecular weight as HaloTEV protease, present in
the purification samples prior to and following the addition of HaloTEV protease. (E)
EMSA gel (left) and binding curve (right) with wild-type Smc4-NT compared to
Smc4-rxIA-NT mutant protein. Increasing molar amounts of proteins as indicated were
incubated with 0.2nM linearized ssDNA and resolved by agarose gel electrophoresis.
ssDNA was visualized using SYBR Gold nucleic acid stain. BSA control reaction
contains DNA substrate incubated with an equivalent amount of BSA to the highest
molar excess of Smc4-NT used. Arrow («—) points to free DNA, single asterisk (*)
indicates partially bound DNA, and double asterisk (**) shows fully bound DNA. Salt
concentrations were equalized between proteins. For binding curve, band intensity of
free DNA was calculated using ImageJ and subtracted from 100% free DNA to
determine amount of bound ssDNA for each molar excess point. Nonlinear regression
was performed to determine the specific binding of the Smc4-NT using Hill slope; data
shows an average +/- SEM of n=3. Statistical significance was calculated with two-
tailed, paired t-tests to compare the DNA binding of Smc4-rxIA-NT to that of wild-
type Smc4-NT at each molar excess point; no symbol = statistics not calculated; ns =
not significant; **p<0.01. (F) Cdc28-CIb2 cannot efficiently phosphorylate Smc4-
rXIA-NT in vitro. Purified Smc4-rxIA-NT was incubated alone (A) or with active
Cdc28-CIb2 and ATP (B). Relative to phosphorylated wild-type Smc4-NT, Smc4-
rxIA-NT does not show phosphorylation-induced gel migration retardation. Control
reaction was run on the same blot as reactions A and B.

smc4-22 by smc4-rxlA, removal of the putative cyclin docking motifs in the Smc4-NT almost
completely abrogated its DNA binding activity (Kp = 4002-fold excess for Smc4-NT vs. Kp =
6771-fold excess for Smc4-rxlA-NT; Figure 13E). Despite the absence of kinase activity in this
assay, at baseline, Smc4-rxlA-NT had severely limited DNA binding activity in vitro despite acting
as a functional copy of Smc4 in vivo. Additionally, Cdc28-Clb2 was unable to efficiently
phosphorylate Smc4-rxlA-NT in vitro (Figure 13F). We propose that the RxL docking motifs in

the Smc4-NT mediate its interaction with Cdc28-Clb2, and that this interaction plays an important

role in regulating Cdc28-Clb2 phosphorylation of the Smc4-NT in the context of DNA binding.
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Discussion

Smc4-NT has affinity for ssDNA

The unique N-terminal extension of the Smc4 subunit of condensin is essential for viability
in yeast, suggesting it plays an important role in the regulation of condensin function (64). We
established that the Smc4-NT has DNA binding activity, as is consistent with the mode of action
of condensin (Figure 6D, E) (33, 34, 77-79).

We chose ssDNA for our assays as unpublished work from our laboratory has shown that
the Smc4-NT binds ssDNA with higher affinity than dsDNA, which has also been shown to be the
case for the hinge and ATPase head regions of Smc4 (33, 77). Importantly, the ®X174 Virion
ssDNA substrate we used in EMSAs was much larger in size compared to the Smc4-NT protein:
~170kDa relative to ~25 kDa, respectively. This would suggest thousands of possible binding sites
on every DNA substrate, in contrast to substrates such as oligonucleotides which would represent
a model of only one binding site per molecule. We chose to use ssDNA as our substrate to provide
insights on DNA binding by the Smc4-NT that could be relevant to the context of the cell (i.e.,
large stretches of DNA), but easily measured using experimental parameters (i.e., not so large that
massive amounts of DNA were required to observe binding shifts). As such, a large fold excess of
Smc4-NT was required to affect the migration of the DNA. This is consistent with the observation
that other DNA binding regions, such as the Smc2/4 heterodimer, require high molar ratios of
protein to DNA base pairs regardless of plasmid size to induce a shift (78).

We wanted to investigate the DNA binding activity of the disordered Smc4-NT as it has
been well established that intrinsically disordered proteins often possess DNA binding activity
(65). Proteome-wide analysis of Cdk1 substrates has shown that intrinsically disordered regions

are often rich in phosphorylation sites (93). While the exact location of these phospho-sites is not
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conserved, the clustering of several Cdkl1 sites in particular regions or proteins indicates biological
function for these regions that was selected for throughout evolution (94). Thus, it can be no
coincidence that the Smc4-NT, a region essential for cell survival and rich in Cdk1 phosphorylation
sites, has DNA binding activity and is part of a complex responsible for restructuring DNA.
Establishing the baseline DNA binding activity of the Smc4-NT allowed us to study how the Smc4-
NT and its interaction with different proteins help to regulate the function of condensin.

Purified Smc4-NT construct eluted from the gel filtration column as a single peak
corresponding to a molecular mass of approximately 66 kDa compared to globular mass standards
(Figure S2). This is far larger than the calculated molecular mass of a monomeric Smc4-NT
construct, which is about 20 kDa. This is likely due to the predicted disordered nature of the Smc4-
NT, as size exclusion chromatography is sensitive to macromolecule shape. Since the protein mass
standards used for calibration of the column were globular in shape, the relative elution size of the
Smc4-NT cannot accurately be determined using these standards (133). As the protein elutes as a
strong, single peak and runs at the calculated size on an SDS-PAGE gel, it is highly likely that the
Smc4-NT exists in monomeric form. Further analysis of the protein, for example, by multi-angle
light scattering, would more conclusively confirm this notion.

Comparing the wild-type protein to the mutant proteins, all eluted at approximately the
same size, thus, the induced mutations did not affect the solubility or stability of the proteins, even
though polar residues (serine and threonine) were mutated to non-polar (alanine) residues. The
Smc4-NT is predicted to be a disordered region, so changing the polarity of certain amino acids
did not have a significant effect on protein folding as the protein does not have a stable three-
dimensional shape (64). We observed a slight increase in the DNA binding activity of the Smc4-

NT upon the removal of all 16 putative phosphorylation sites (Figure 8F). It has been shown that
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in chicken CAP-D3 of condensin II, a threonine to alanine mutation of a putative Cdk1 site resulted
in hypercondensation of chromosomes but had no effects on cell survival (134). It was proposed
that CAP-D3 plays a role in regulating condensin by limiting its binding to chromosomes. It has
also been suggested that for condensin to compact chromatin, it must experience lower levels of
binding with DNA when active than when inactive (135). That the abrogation of 16 putative
phosphorylation sites in the Smc4-NT led to increases in DNA binding would support the
hypothesis that these residues may play a role in minimizing the interaction of Smc4-NT, a part of
condensin, with DNA. This in vitro assay evaluated the binding of purified, unphosphorylated
proteins, so removal of specific residues allowed us to discern the baseline role they play before
modification by phosphorylation. This suggests that while phosphorylation may act in regulating
DNA binding of the Smc4-NT, phosphorylation at key sites is not what directly confers DNA
binding activity to the Smc4-NT. A PhD student in our laboratory, Alyssa Pastic, is currently

investigating several key DNA binding motifs in the Smc4-NT.

Removal of putative Cdkl phosphorylation sites in vivo

Mass spectrometry analysis was performed by phosphorylating purified Smc4-NT and
Smc4-7A-NT with purified Cdc28-Clb2, separating the reactions on a gel, and excising the bands
corresponding to Smc4-NT and Smc4-7A-NT. Both samples were sent for mass spectrometry
analysis and nine non-S/T-P phosphorylation sites were detected across both proteins. While there
are many limitations of in vitro experiments, the use of an in vitro system for this assay offered the
advantage of allowing us to study the activity of only Cdc28-Clb2 on Smc4-NT, in an isolated

system without interference from other kinases.
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It has been shown that Cdkl can phosphorylate non-S/T-P motifs in vitro (87, 88). It is
possible that in the reconstituted system we used for our kinase assays, that Cdc28-CIb2 acted on
the Smc4-NT in a way that would not have been measurable in a cellular context. We posit that
while Cdk1 has preference for the minimal consensus S/T-P motif, when all minimal consensus
sites are mutated (Smc4-7A-NT), Cdkl can act on non-consensus sites, such as the nine mass
spectrometry-identified sites. We hypothesize that normally, the nine mass spectrometry-identified
sites are phosphorylated by CK2 to inhibit the activity of the Smc4-NT. While the sites absent in
Smc4-7A-NT may be the primary level of regulation and the main targets for Cdk1, perhaps the
sites removed in Smc4-9A-NT get phosphorylated as a “backup” when the minimal consensus
Cdk1 sites are not present or are blocked, as a compensatory mechanism by Cdkl in the absence
of CK2. It has been shown that CK2 phosphorylation appears to be dominant over Cdkl
phosphorylation (62), but when CK2 is not present in the system and there are no consensus sites
to be targeted, perhaps Cdkl1 tries to compensate for its loss by phosphorylating sites that are
normally targeted by CK2. Phosphorylation by Cdkl1 rather than CK2 could lead to these sites
triggering “activation” of condensin rather than their normal function of inhibition.

We were surprised that abrogation of the nine mass spectrometry-identified
phosphorylation sites rescued the growth defects observed upon the ablation of the seven minimal
consensus Cdk1 sites in the Smc4-NT (Figure 7A). Upon initial observation that smc4-94 had no
temperature sensitive growth defects, it appeared as though these sites were not essential to the
regulation of the Smc4-NT. The presence of the seven minimal consensus Cdk1 phosphorylation
sites seemed to be sufficient to allow yeast to persist in the absence of the mass spectrometry-
identified sites. However, removal of the nine mass spectrometry-identified sites led to a complete

loss of phosphorylation of the Smc4-NT throughout the cell cycle, despite normal cell cycle
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progression kinetics (Figure 7C). This indicates that abrogation of these sites does affect the
phospho-regulation of the Smc4-NT, which we propose occurs in a stepwise mechanism we delve
into further below. Consistent with this, while smc4-16A appeared to have no temperature sensitive
growth defects, it also experienced a complete abrogation of cell cycle dependent phosphorylation
despite normal cell cycle progression (Figure 7A, 7D). Likely, the reversal of growth defects from
smc4-74 in smc4-164 is due to cell division that persists despite defects in chromosome
morphology. This could be due to nonspecific phosphorylation events caused by the absence of
key targets for Cdkl and CK2. Emerging evidence shows that SMC4 may act as a tumour
prognostic marker as it is overexpressed in many diseases characterized by erroneous cell division,
such as cancers (136). Thus, while ablation of mass spectrometry-identified phosphorylation sites
does not appear to cause growth defects in yeast, the loss of cell cycle-dependent phosphorylation
in these mutants indicates errors in the regulation of Smc4. This may be due to a loss of all potential
target sites for Cdkl1 as well as CK2, leading to cell cycle progression despite defects in condensin
regulation.

This is further reinforced by the yeast strains where we deleted potential phospho-sites in
SMC4 and the regulatory subunits of CK2 (Figure 11A). The absence of CK2 activity fully rescued
the growth defects observed upon abrogation of the minimal consensus Cdk]1 sites (smc4-7A4 ckbiA
ckb24 vs. smc4-7A4). Perhaps this improvement in growth can be explained by Cdkl acting to
phosphorylate the nine mass spectrometry-identified sites, normally phosphorylated by CK2. The
inactivation of CK2 would lead to other targets of this kinase not getting adequately
phosphorylated, leading to the slight growth defects observed in ckb14 ckb2A relative to wild-type
yeast. In smc4-94 ckblA ckb24, we observed relatively healthy yeast, with minimal growth defects

at restrictive temperature. This could be due to regular phosphorylation of the minimal consensus
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sites in Smc4-NT by Cdk1, but the complete loss of CK2 activity due to deletion of the kinase as
well as its target sites in Smc4-NT. In smc4-16A ckbiA ckb24, we see slightly more growth defects
at restrictive temperature relative to smc4-94 ckbiA ckb24, due to a complete loss of putative
phosphorylation sites and one of 2 major regulatory kinases. This indicates that despite the
presence of Cdkl, the combination of the ablation of phosphorylation sites in Smc4 and deletion
of CK2 has drastic impacts on the cell. Importantly, the deletion of CKBI and CKB2 likely had
more severe effects on cell growth than simply the removal of phosphorylation sites in the Smc4-
NT, as CK2 has other targets within the cell that are affected by its inactivity.

Interestingly, we found that deletion of Ckbl and Ckb2 resulted in a partially
unphosphorylated species of wild-type Smc4-NT persisting throughout the cell cycle (Figure 7B
vs 11C, Smc4-NT). Additionally, rather than appearing as a “smear” of several differentially
phosphorylated species of Smc4-NT, wild-type Smc4-NT appeared to be present in 2 distinct
forms, one appearing to be phosphorylated, and the other unphosphorylated. This could mean that
CK2 phosphorylation serves to “prime” the Smc4-NT for phosphorylation by Cdkl. While we
believe that phosphorylation by CK2 is inhibitory whereas Cdk1 phosphorylation is activatory,
there could be a certain level of phosphorylation by each kinase required to modulate not only
DNA binding of the Smc4-NT, but the overall activity of condensin. Treatment of later time points
with a phosphatase, such as lambda phosphatase, will confirm the presence of different

phosphorylated forms of the Smc4-NT.

The effects of phosphorylation by Cdkl on DNA binding by the Smc4-NT

As it is known that chromosome condensation events are triggered by Cdk1 and that the

Smc4-NT is a key target for Cdkl modification, we next investigated the effects of Cdkl
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phosphorylation on DNA binding by the Smc4-NT (Figure 9). We observed that phosphorylation
by Cdc28-CIb2 led to almost a complete abrogation of DNA binding by the Smc4-NT. This is
consistent with work on other DNA binding proteins, where it has been proposed that
phosphorylation of key proteins is essential to reduce interaction with DNA. For example, a lamin
protein, LAP2aq, is also differentially phosphorylated in interphase and mitosis by different kinases,
the main mitotic regulator being Cdk1. Mutation of a key phospho-site of this protein to alanine
causes the protein to be unable to dissociate from chromosomes during mitosis, suggesting that
phosphorylation is important for decreasing DNA binding affinity (137). Furthermore, Doughty et
al. suggested that condensin must dissociate from chromosomes following mitosis to enable
efficient cell cycle progression (135). Cell cycle-dependent phosphorylation of the Smc4-NT
showed increased phosphorylation in a time-dependent manner, suggesting that through mitotic
progression, Smc4-NT may reduce either its own interaction with DNA, or the interaction of
condensin with DNA.

Furthermore, we observed that phosphorylation at the minimal consensus Cdkl sites
specifically is what reduces DNA binding activity of the Smc4-NT. Smc4-9A-NT protein still
showed phosphorylation-dependent gel retardation and DNA binding defects similar to wild-type
Smc4-NT protein (Figure 10B). However, Smc4-7A-NT protein as well as Smc4-16A-NT protein
did not appear to be phosphorylated through immunoblot analysis, nor did they experience any
loss in DNA binding activity after Cdk1 phosphorylation (Figures 10A, 10C). In our kinase assays
with Smc4-9A-NT, in which the minimal consensus Cdk1 sites were present and the only kinase
activity came from Cdkl, the combination of Cdkl and its ideal target sequence came to the
forefront as the main regulatory mechanism. Of important note, these experiments were conducted

in an in vitro environment using only Cdk1 with no interference from CK2. CK2 has been shown
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to act on IDPRs and assist in their binding to DNA, RNA and other proteins, and has also been
shown to be a major regulator for condensin (62, 138). Despite observing phosphorylation of the
Smc4-9A-NT in vitro, this mutant still appears to show a complete loss of cell cycle dependent
phosphorylation in vivo (Figure 10B, 7C). This would imply a specific sequence of
phosphorylation events, where the activity of CK2 dominates lower levels of Cdkl until a key
threshold of Cdkl activity is reached. Following priming of Cdkl phosphorylation, CK2
phosphorylation would be removed by key phosphatases. For re-entry into interphase, Smc4-NT
residues already phosphorylated by either Cdk1 or other kinases that act later in mitosis could help

to prime the activity of CK2.

CK?2 phosphorylation of the Smc4-NT could inhibit condensin function

Mass spectrometry analysis of CK2-phosphorylated Smc4-NT identified 3 potential
phosphorylation sites. However, alanine mutations at these sites (S40, S67, S68) in the Smc4-NT
resulted in slight temperature sensitive growth defects in yeast and was unable to rescue the growth
defects observed in smc4-74. As with any mass spectrometry experiment conducted in an in vitro
system, there are many limitations. In this analysis, we phosphorylated bacterially expressed
Smc4-NT, which should not have any baseline phosphorylation, with purified human CK2. As
CK2 is a conserved eukaryotic kinase, we would expect it to phosphorylate yeast Smc4-NT if
target sites exist. The major limitation is that in an in vitro experiment conducted with purified
proteins, it would be impossible to detect phosphorylation that is dependent on other PTMs or
phosphorylation by other kinases. If the Smc4-NT is spatiotemporally regulated by a multi-kinase,

stepwise mechanism of phosphorylation, phosphorylation of a purified protein by a purified kinase
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would not recapitulate in vivo phenotypes. It will also be important to confirm whether the whole
condensin complex from Saccharomyces cerevisiae is phosphorylated by CK2 in vitro.

Evidently, a key experiment would be to test the DNA binding activity of the Smc4-NT
after CK2 phosphorylation, which could lead to one of two outcomes. Ideally, if CK2
phosphorylation has the opposite effect of Cdk1 phosphorylation, (i.e., it increases the affinity of
the Smc4-NT for ssDNA or has no effects), this would support the notion that inhibitory
phosphorylation by CK2 counteracts its activation by Cdkl1. Alternatively, and more likely, CK2
phosphorylation may also decrease the Smc4-NT’s affinity for ssDNA; CK2 phosphorylation of
nucleosome protein CBX2 has been shown to attenuate its DNA binding activity through EMSA
(139). We would then posit that the reason these kinases have opposite effects is due to the

spatiotemporal regulation of their activity.

RxL motifs on the Smc4-NT permit dynamic docking of Cdc28-CIlb2

Our EMSA experiments were designed in such a way that Cdc28-Clb2 was not removed
from the reaction mixture prior to use in EMSAs. As such, we thought it would be important to
investigate the effects of the presence of Cdc28-Clb2 on DNA binding by the Smc4-NT in ATP-
free conditions, where kinase was present, but unable to phosphorylate the Smc4-NT.

We observed that Cdc28-CIb2 interaction with the Smc4-NT generated a DNA binding
“super-shift” independent of Cdc28-Clb2 structure (Figure 9C). “Super-shift” assays are a
powerful tool that can help identify unknown proteins that bind DNA in a given reaction mixture
(140). They are generally performed by including an antibody that recognizes a specific protein of
interest in an EMSA reaction. The antibody binds to its target, forming a larger complex with the

protein of interest, and this results in an even larger mobility shift than when the protein of interest
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is incubated with the DNA substrate by itself. In our experiment, the unintentional generation of a
“super-shift” suggests that Cdc28-Clb2 interacts with Smc4-NT to form a complex. The Smc4-NT
is predicted to be disordered, and as this “super-shift” is observed when Cdc28-ClIb2 is active or
heat-denatured, the interaction between the two proteins may be due to a linear sequence of
residues between both proteins. We hypothesized that this interaction is mediated by the RxL
motifs in the Smc4-NT, which have been shown to be essential for cell cycle-dependent
phosphorylation of the Smc4-NT (64).

Ablation of RxL motifs in an exogenous copy of SMC4 was able to rescue the temperature-
dependent growth defects observed in the very sick smc4-22 allele. While there are two RxL motifs
in the Smc4-NT, there are several more RxL motifs in the rest of the full-length Smc4 protein. As
such, if RxL motifs confer an important role in mediating the interaction between Smc4 and
Cdc28-CIb2, the presence of other motifs in the rest of the sequence may compensate for the
removal of the 2 within the Smc4-NT. As condensin does not act as a single molecule, but rather
several condensins are known to associate with the same region of chromatin, the in vivo viability
tests could be showing the effects brought upon by different condensin molecules with varying
levels of activity (40, 141).

While we observed that mutation of the Smc4-NT RxL cyclin binding motifs did not result
in dominant growth defects in yeast, ablation of these motifs completely abrogated DNA binding
activity of the Smc4-NT in vitro. The role of the RxL motifs is to allow for interactions between
cyclins and substrates of CDKs that target them, but typically these motifs are more prominent in
S phase targets. LxF motifs have recently been shown to play a role in substrate recognition by M
phase Cdk-cyclin complexes, but the Smc4-NT does not contain any such motifs. In drosophila,

RxL motif mediated Cdk phosphorylation inhibits the DNA binding activity of the ORC in vitro,
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yet the complex is able to maintain association with chromatin under high Cdk1 activity (142). It
was posited that this DNA association is due to other factors, such as phosphatases that overcome
phosphorylation, or that high affinity for DNA is only required at certain periods of the cell cycle.
Since removal of the RxL motifs has such striking effects on the baseline DNA binding of the
Smc4-NT, their presence may be essential for the regulation of the Smc4-NT. Absence of the RxL
motifs recapitulates the DNA binding phenotype of Cdc28-Clb2-phosphorylated Smc4-NT, as in,
there is nearly no detectable DNA binding. Smc4-rxlA-NT does not appear to be phosphorylated
by Cdc28-CIb2 in vitro, likely due to Cdc28-CIb2 being unable to dock on and specifically target
its substrate. If Cdc28-Clb2 docking to the Smc4-NT is completely inhibited, cell cycle
progression may be severely limited. While the exact role of the RxL motifs in regulating
condensin function remains elusive, further exploration of docking motifs may assist in a deeper

understanding of the spatiotemporal regulation of condensin activity.

Possible charge-based interaction between Smc4-NT and ssDNA

If all forms of phosphorylation play a role in diminishing the affinity of the Smc4-NT for
ssDNA, it would be tempting to speculate that Smc4-NT binding to DNA is regulated by
electrostatic charge. The phosphate backbone of DNA backbone is negatively charged,
approximately half of which is neutralized by core histones (14). Some of the remaining negative
charge is further neutralized by other factors, such as histone H1, as well as histone modifications
(22). RNA has also been shown to play a role in regulating DNA charge by neutralizing positively
charged histone tails to reduce electrostatic compaction of DNA and promote open chromatin
structure, facilitating transcription (18). Nucleosome electrostatics show that the net charge of

chromatin remains negative despite some charge neutralization by various factors (143). The DNA
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binding activity of the Smc4-NT is supported by studies which show that several intrinsically
disordered proteins can bind DNA despite lacking a well-characterized three-dimensional structure
(65, 68, 74). It has also been shown that DNA-binding proteins tend to have disordered tails that
act as a subdomain to engage in nonspecific interactions with DNA, often as a result of their
positive charge (74). The Smc4-NT, interestingly, is slightly positively charged at neutral pH, even
when all 16 putative Cdk1 phosphorylation sites are mutated to alanine. The addition of negatively
charged phosphate groups to the protein would severely impact the charge of the Smc4-NT, making
it extremely negatively charged and thus electrostatically repulsive to the negatively charged
chromatin backbone. It will be important to observe how the binding affinity of Smc4-NT to linear
DNA compares to its binding to chromatin, with all the molecular scaffolding that assists in its

compaction.

Phosphorylation inducing a “disorder to order” transition of the Smc4-NT

During interactions with DNA, disordered proteins are posited to undergo a “disorder to
order” transition to improve the specificity of DNA binding. These disordered regions may have
been evolutionarily selected to have a charge pattern that optimizes DNA search (65). A structural
comparison can also be made between condensin and the CFTR, another ATPase protein regulated
by the phosphorylation of its disordered regulatory “R” region of about 200 residues (144). Cryo-
EM structures of ATP bound and ATP-free CFTR protein reveal that when non-phosphorylated,
the “R” region inhibits channel activity by interacting with its nucleotide binding domains and
preventing heterodimerization (145). Phosphorylation of the R region removes it from the dimer

interface, allowing channel activity to resume (146).
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Crystal structures of the ATP bound and ATP-free SMC head domains of condensin show
no large conformational differences, but this does not negate the possibility that large structural
rearrangements occur when the SMC heads are bound to other subunits of condensin (61).
Crosslinking experiments of chicken condensin have proposed that when not actively engaged on
mitotic chromosomes, condensin may adopt a closed structure rather than remaining an open ring
(147). Combining the features of IDPRs possessing DNA binding activity with the structurally
similar ATPase protein CFTR, condensin activity could be regulated by Smc4-NT phosphorylation
as follows. During interphase, when condensin does not play a major role in regulating
chromosome architecture, the Smc4-NT could be inhibitorily phosphorylated by CK2 to hold a
conformation that keeps it inside the ring structure of condensin. Subsequent dephosphorylation
of CK2 target sites and phosphorylation by Cdk1 could result in a more “folded” state of Smc4-
NT, allowing it to exit the condensin ring and for chromatin to pass through. Shaltiel et al. proposed
that condensin loop extrusion is driven by a “hold and feed” mechanism where DNA is actively
fed into the condensin ring structure (148). Structural mapping of condensin chambers that would
be able to accommodate the DNA backbone to feed it into condensin show several chambers
generated by different condensin subunits, but due to the lack of known structure of the Smc4-NT,
it is omitted from these analyses (149). Since, phosphorylated Smc4-NT has lower affinity for
DNA than non-phosphorylated Smc4-NT, the phosphorylated, “active” state could induce a
structural conformation allowing the Smc4-NT to act as a latch to enclose a DNA double helix and
feed it into the condensin ring structure, without directly binding to DNA. Understanding the
structural changes that occur upon Smc4-NT phosphorylation by Cdkl and CK2 would validate

the role of the Smc4-NT in actively feeding DNA into the condensin ring.

80



Conclusions and Next Steps

We have established that the Smc4-NT has DNA binding activity in vitro. It will be
important to translate this to an in vivo setting, which could be done through chromatin
immunoprecipitation assays. We could evaluate the enrichment at chromatin regions of condensin
lacking the minimal consensus or mass spectrometry-identified phosphorylation sites of the Smc4-
NT. If phosphorylation by Cdk1 plays a role in for reducing the affinity of condensin for chromatin,
we would expect to see more condensin enrichment in the minimal consensus site mutant.

It will also be essential to understand how removal of putative phosphorylation sites of the
Smc4-NT affects chromosome morphology through fluorescence in situ hybridization (FISH) of
the rDNA locus. rDNA endures dramatic reorganization in normal cells during mitosis to transform
from an uncondensed 'puff' configuration into a condensed 'loop' configuration (150). This change
in configuration signifies the compaction of chromatin, so cells incapable of chromosome
condensation will retain their ‘puff’ configuration (151). Robellet et al. have previously shown that
the temperature sensitive smc4-74 experiences defects in chromosome morphology through FISH
assays (64). Since we observe no growth defects in smc4-16A4, which still lacks the minimal
consensus Cdkl sites that confer temperature sensitivity to smc4-74, it will be important to
evaluate chromosome morphology of this mutant to determine if cell growth persists despite major
chromosome condensation defects.

While our experiments were conducted primarily in yeast, human Smc4-NT contains
minimal consensus Cdkl1 sites, suggesting that the function of the region may be conserved across
different species (52). Alternatively, the human CAP-D2 and CAP-D3 subunits of condensin I and
I1, respectively, possess conserved, metazoan-specific C-terminal extensions thought to play the

same role as the Smc4-NT in yeast. These extension also contain several minimal consensus Cdk1
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phosphorylation sites (51). Specifically, it has been suggested that the phosphorylation of the CAP-
D3 C-terminus of condensin II in humans may be responsible for initiating chromosome
condensation, indicating an equivalent function to that of the Smc4-NT in yeast (51).

Despite several regions in the Smc4 protein having DNA binding activity, the clustered
phospho-sites in the N-terminus of the protein lead us to believe that this region may play a unique
role in modulating DNA binding by condensin. We believe that phosphorylation at these key sites
acts as an essential trigger for the initiation of chromosome condensation. Building on the
hypothesis of Bazile et al. (52) and expanding on the work of Robellet et al. (64), we propose that
the activation of condensin occurs as follows (Figure 14). During interphase, the Smc4-NT is
inactivated by CK2 phosphorylation, which is dominant over low levels of phosphorylation by
Cdk1 (62). This phosphorylation may cause the Smc4-NT to adopt a conformation that blocks the
opening of the condensin ring, preventing active loop extrusion. When CK2 is not present, for
example, in the mutants we created, Cdk1l may try to compensate for the loss of CK2 activity by
phosphorylating Smc4-NT sites it does not ordinarily target. At the G2/M transition, phosphatases
such as PP6 may act to remove phosphorylated residues (113). Concurrently, Cdkl
phosphorylation of the Smc4-NT at the onset of mitosis, perhaps primed by low levels of CK2
phosphorylation, may cause Smc4-NT to exit the opening of the condensin ring. This specific,
“activatory” phosphorylation could be mediated by docking of Cdc28-CIb2 at the RxL motifs of
the Smc4-NT. The resulting conformational change would limit the interaction of the Smc4-NT
with DNA and subsequently activate condensin for chromosome condensation. The adopted
conformation may allow the Smc4-NT to function as a latch for chromatin, actively feeding it into
the condensin ring structure. As proposed by Bazile et al., there are likely other kinases implicated

in maintaining condensin activity throughout mitosis (52). It is possible that phosphorylation at
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Figure 14. Proposed mechanism of condensin regulation by Smc4-NT
phosphorylation. After condensin is translated and throughout interphase,
phosphorylation of the Smc4-NT by CK2 maintains condensin in an inactive state
(top). At the onset of mitosis, the presence of CK2-mediated phosphorylated residues
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primes phosphorylation by Cdc28-Clb2 (right). CK2 phosphorylation is subsequently
removed by various phosphatases as Cdc28-CIb2 phosphorylation continues, fully
activating condensin and allowing it to associate with chromatin and begin loop
extrusion (bottom). Other kinases maintain the activation of condensin to generate
fully resolved chromosomes (left).
the nine mass spectrometry-identified sites in the Smc4-NT prevents cell cycle progression by
inhibition of condensin function, and removal of all 16 sites phosphorylation sites in the Smc4-NT
allows for condensation and segregation despite defects in chromosome morphology.

Condensin dysregulation has been shown to be associated with several diseases
characterized by erroneous cell division, including conditions of the nervous system (152). Of all
condensin subunits, Smc4 is of particular interest as mutations in this gene are enriched in the
tumour genome (153). Further analysis of this region and its role in chromosome morphogenesis

presents a promising avenue for understanding the specifics of the mitotic process, currently a big

unknown in the scientific field.
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Appendix

Supplementary Tables

Table S1. Yeast strains used in this study.

Figure

Name

Relevant Genotype

Fig.

7A

D4107
D3272
D2563
D7546
D7550

MATa SMC4

MATa SMC4::3xSTII::HISSMX6
MATa smc4-7A::3xSTII::HIS3MX6
MATa smc4-9A::3xSTII::HIS3MX6
MATa smc4-16A::3xSTIl::HISSMX6

Fig.

7B

D3265

D3267

MATa SMC4::3xSTII::HIS3MX6 YCG1.::3xFLAG::kanMX6 cdc15-2
[YCplac111-Smc4-NT::NLS::13xMYC]

MATa smc4-7A::3xSTII::HIS3MX6 YCG1::3xFLAG::kanMX6 cdc15-2
[YCplac111-smc4-7A-NT::NLS::13xMYC]

Fig.

7C

D3265

D7500

MATa SMC4::3xSTII::HIS3MX6 YCG1.::3xFLAG::kanMX6 cdc15-2
[YCplac111-Smc4-NT::NLS::13xMYC]
MATa YCG1::3xFLAG::kanMX6 cdc15-2 [YCplac111-smc4-9A-NT::NLS::13xMYC]

Fig.

7D

D3265

D7501

MATa SMC4::3xSTII::HIS3MX6 YCG1.::3xFLAG::kanMX6 cdc15-2
[YCplac111-Smc4-NT::NLS::13xMYC]

MATa YCG1::3xFLAG::kanMX6 cdc15-2 [YCplac111-smc4-16A-
NT::NLS::13xMYC]

Fig.

11A

D4107
D3272
D3662
D2563
D3666
D7546
D7647
D7550
D7653
D3660

MATa SMC4

MATa SMC4::3xSTII::HISSMX6

MATa SMC4::3xSTIl::HIS3MX6 ckb1::URA3MX6 ckb2::TRP1
MATa smc4-7A::3xSTII::HIS3MX6

MATa smc4-7A::3xSTII::HIS3MX6 ckb1::URA3MX6 ckb2:: TRP1
MATa smc4-9A::3xSTII::HIS3MX6

MATa smc4-9A::3xSTII::HIS3MX6 ckb1::URA3MX6 ckb2:: TRP1
MATa smc4-16A::3xSTIl::HISSMX6

MATa smc4-16A::3xSTII::HISSMX6 ckb1::URA3MX6 ckb2::TRP1
MATa ckb1::URA3MX6 ckb2:: TRP1

Fig.

1B

D4107
D3272
D3662
D2563
D3666
D7546
D7647
D7550
D7653

MATa SMC4

MATa SMC4::3xSTII::HISSMX6

MATa SMC4::3xSTIl::HIS3MX6 ckb1::URA3MX6 ckb2::TRP1
MATa smc4-7A::3xSTII::HIS3MX6

MATa smc4-7A::3xSTII::HIS3MX6 ckb1::URA3MX6 ckb2:: TRP1
MATa smc4-9A::3xSTII::HIS3MX6

MATa smc4-9A::3xSTII::HIS3MX6 ckb1::URA3MX6 ckb2:: TRP1
MATa smc4-16A::3xSTIl::HISSMX6

MATa smc4-16A::3xSTII::HISSMX6 ckb1::URA3MX6 ckb2::TRP1

Fig.

1C

D7997

D8002

MATa SMC4::3xSTII::HIS3MX6 YCG1::3xFLAG::kanMX6 cdc15-2
ckb1::URA3MXE6 ckb2::TRP1 [YCplac111-Smc4-NT::NLS::13xMYC]
MATa smc4-7A::3xSTII::HIS3MX6 YCG1::3xFLAG::kanMX6 cdc15-2
ckb1::URA3MXE6 ckb2::TRP1 [YCplac111-smc4-7A-NT::NLS::13xMYC]

Fig.

11D

D7997

D8099

MATa SMC4::3xSTII::HIS3MX6 YCG1.::3xFLAG::kanMX6 cdc15-2
ckb1::URA3MX®6 ckb2::TRP1 [YCplac111-Smc4-NT::NLS::13xMYC]
MATa YCG1::3xFLAG::kanMX6 cdc15-2 ckb1::URA3MXG6 ckb2::TRP1
[YCplac111-smc4-9A-NT::NLS::13xMYC]

Fig.

1ME

D7997

D8225

MATa SMC4::3xSTII::HIS3MX6 YCG1.::3xFLAG::kanMX6 cdc15-2
ckb1::URA3MXG6 ckb2::TRP1 [YCplac111-Smc4-NT::NLS::13xMYC]
MATa YCG1::3xFLAG::kanMX6 cdc15-2 ckb1::URA3MX6 ckb2::TRP1
[YCplac111-smc4-16A-NT::NLS::13xMYC]
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Fig. 12C

D4107
D3272
D3662
D7546
D8733
D2653
D3666
D7550
D8736

MATa SMC4

MATa SMC4::3xSTII::HISSMX6

MATa SMC4::3xSTIl::HIS3MX6 ckb1::URA3MX6 ckb2::TRP1
MATa smc4-9A::3xSTII::HIS3MX6

MATa smc4-S40A,S67A,S68A::3xSTII::HIS3MX6

MATa smc4-7A::3xSTII::HIS3MX6

MATa smc4-7A::3xSTII::HIS3MX6 ckb1::URA3MX6 ckb2:: TRP1
MATa smc4-16A::3xSTIl::HISSMX6

MATa smc4-7A[S40A,S67A,S68A]::3xSTII::HISSMX6

Fig. 13A

D4094

MATa /MATa SMC4/smc4-rxIA::3xSTII::HIS3MX6

Fig. 13B

D4107
D2430
D7983
D1821
D2021
D7926

MATa SMC4

MATa ura3-1::YIplac211::URA3

MATa ura3-1::Psmc4-smc4-rxIA::3xSTII::HIS3MX6::URA3

MATa smc4-22::HIS3MX6

MATa smc4-22::HIS3MX6 ura3-1::YIplac211::URA3

MATa smc4-22::HIS3MX6 ura3-1:: Psmc4-smc4-rxIA::3xSTII::HISSMX6::URA3

Fig. 13C

D4107
D3272
D7983
D7926

MATa SMC4

MATa SMC4::3xSTII::HIS3MX6

MATa ura3-1::Psmc4-smc4-rxlIA::3xSTII::HIS3MX6::URA3

MATa smc4-22::HIS3MX6 ura3-1:: Psmc4-smc4-rxIA::3xSTII::HIS3MX6::URA3
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Supplementary Figures

Protein: Smc4-NT GST-Smc4-NT BSA
Molarexcess: 0 1 3 57 91001 3 57 9100 10
(Protein:.DNA N —— "

x 1000)

—— - — |*
— ——— -

Figure S1. GST tag interferes with Smc4-NT DNA binding. EMSA with increasing
molar concentrations of Smc4-NT or GST-Smc4-NT protein relative to 0.2nM ssDNA.
DNA-protein complexes were resolved on a 1% agarose gel and visualized using
SYBR Gold nucleic acid stain. BSA control lane shows a reaction of DNA substrate
incubated with BSA at the highest equivalent molar excess to Smc4-NT. Arrow («—)
points to free DNA, single asterisk (*) indicates partially bound DNA, and double
asterisk (**) shows fully bound DNA.
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Figure S2. Apparent mass of Smc4-NT is higher than the calculated molecular
weight of the protein construct. (A) The elution profile of the Smc4-NT protein from
the last step of protein purification, gel filtration using Superdex 75 column, shows
one major peak corresponding to Smc4-NT and one major peak corresponding to a
contaminant. (B) Coomassie-stained gel showing collected elution fractions from
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Superdex 75 that cover the region of both peaks. Load indicates concentrated sample
from previous round of purification that was injected onto column. Fractions
containing pure protein that were pooled and concentrated for further analysis are

bracketed.

108



