ABSTRACT

COUNTRYMAN, PRESTONJAMES SingleMolecule Studies of Sequence and Structure
Dependent DNA Biding by SA1 and SA2Under the directionf Dr. Hong Wang.

Singlemolecule interactions between proteins and DNA can reveal information about
biological function that is difficult to obtain using bulk assay meth&ister chromatid
cohesion is mediated by the cohesin complex, which also plays important roles in diverse
biological processes including maintenance-@f 8hromatin organization, DNA rephtion
fork restart, and DNA doublstrand break repair. In vertebrates, the core cohesin complex
consists of a tripartite ring assembled from Smcl, Smc3, Rad21, and the stromal antigen
subunit (SA) SAL or SA2. All current models attribute cohesin DNA big@ixclusively to
the entrapment of @&NA by the cohesin ring subunitis this thesiswe use single
molecule atomic force microscopy (AFM) and fluorescence imaging to characterize the static
and dynamic interactions of cohesin subunits SA1 and SAziprisence of different DNA
sequences and structur@$M imaging revealed that SA1 had a weak affinity for telomeric
regions of DNA, while SA2 showed no such sequence dependence. Fluorescence imaging
captured on telomeric DNA tightropes showed that SAk t&o unique binding modes: a
fast mode to scan neaelomeric regions, and a slow mode once the telomere region was
encounteredndividual SA1 were able to transition between these two distinct diffusive
modes Additionally, AFM studies showed that bd8A1 and SA2 had a strong predilection
for DNA ends. SA2 also had a large affinity forBNA regions placed in the middle of
longer dsDNA. Fluorescence imaging revealed that SA2 binding to gap DNA tightropes was
very strong often trapping any mobile SARat encountered a gap region. Our work has
shown that SA1 and SA2 are able to bind to DNA directly and may act as structural anchors

for the entire cohesin complex to successfully bind to DMAddition, we applied single



molecule imaging techniques study proteins involved in the telomere maintenance

pathway. Human telomeres are maintained by the shelterin protein complex in which TRF1
and TRF2 bind directly to duplex telomeric DNA. Using siAgielecule fluorescence

imaging of quantum dot labeled TRRnd TRF2, we study how these proteins locate
TTAGGG repeats on DNA tightropes. Unlike the stable and static associations observed for
other proteins at specific binding sites, TRF proteins possess reduced binding stability
marked by transient binding astbw 1-D diffusion on specific telomeric regions. We

propose that the TRF proteins usB liding to find protein partners and assemble the

shelterin complex, which in turn stabilizes the interaction with specific telomeric DNA.
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Introduction

The modern notion of molecular biology is a convergence of various disciplines,
including biochemistry, genetics, microbiology, and physics. The principal notion is to build
a completainderstanding of a system by starting at macromolecular properties of materials
and examining their interactions. For most biological systems, the essential materials are
nucleic acids (DNA or RNA), and proteins. The interactions between these two basic
biological building blocks, as well as the machinery for their synthesis, repair, and
maintenance, is pivotal to understanding how life functions at its most fundamentdllevel.
is necessary to not only investigétatbiological systems react to exterséimuli, but how
the system reacts as well. Biological systems can contain a plethora of different proteins,
each with different structusend binding behavisto DNA, which can make identifying
individual behavioinordinately complextzor example, periments conducted in the early
1940s pointed to a relationship between gemesproteinsThese exp@ments were carried
out using Xrays to alter the genes of the fungieurosporaeffectively regulating the
ability of the fungus to process sugar thgbwgene disruptio(Beadle and Tatum 1941
While the experiment successfully showedthe first timethe connection between genes
and the ability to regulat biologicalfunction(sugar processingit provided no insight into
wha specifically was causing the-dédy damaged genes to halt the processing of siigés.
is a good example of whiis imperative to utilize techniques that can isolate and identify
the behavior and role of individual proteins with DNA in order to elucidate the biological

system they areavolved in.



A variety of methods exist to isolate, identify, or examine the role of individual
proteins such as Xay crystallography, electron microscopy, electrophoresis, and many
others X-ray crystallography pioneer Dorothy Crowfoot Hodgkin was aeittie Nobel
Prize for Chemistry in 1964 for her work in solving the chemical structure of cholesterol,
penicillin, and vitamin Bl12ldentification of the3D structure of a compound is necessary to
construct a working model for available chemical bondscamfiormationbconfigurations
available forbiological compoundéScapin 2005 Transmission Electron Microscopy
(TEM) passes a beam of electrons through a thin slice of an abgcbllectshe
transmitted electrons, which contain information about the material theyrtakected
with. This techniqueallows for higher resolution than light microscop@svideand greater
magnification to observe the 3D structure of a biological comp@dadis 201%. However
it requires extensive sample preparation and vacuum conditions for the sample in question,
thus the informton obtained may no longer be biologically releva@itlogical techniques
such as electrophoresiow for the isolation of proteins by charge or molecular weight,
while westerrblottingisolates proteins usingpnjugation methods

This dissertation fouses on examining the specific interactions of proteins using
singlemolecule techniquas environments similar to biological conditiomsorder to
provide the scientific community with a more comprehensive understanding of their
respective biologicalystems. The first system is the shelterin protein complex present on the
telomere portion of DNA. The shelterin complex is imperative for preventing the non

homologous end joining (NHEJ) of DNA, preventing the loss of genomic information via



DNA replicatian, and providing stability to- and Dloop formation at DNA ends. However
the shelterin complex is composed of 6 unique proteins and uses a variety of cofactors and
ancillary proteins in order to execute the plurality of functions mentioned above. By usin
the singlemolecule techniques of atomic force microscopy (AFM) and fluorescence
methods, we shosdthat shelterin proteins TRF1 and TRF2 bind specifically éo th
telomeric portion of DNA andiffusealong the DNA backbone in order to locate telomeric
regions of DNA These techniques elucidate how the shelterin complex protects DNA
through the primary interaction of TRF1 and TRF2 with DNJAe second systenf interest
was the cohesin complex, which regulates the segregation of sister chromatids diutang ce
replication and prevents the end joining of distant DNA strands. Like shelterin, each cohesin
complex consists of 4 unique proteins and requires a bevy of cofactors and other proteins to
perform its duty. We showed that cohesin protein SA2 by itsedfa strong binding affinity
to DNA ends and gaps, independent of the sequence of DNA. Snuggeule techniques
allowed us to pinpoint a specific behavior for SA2 that fits a role for the cohesin complex,
allowing further studies to target SA2 as tleévee DNA binding protein for the entire
cohesin compleXWe also found that cohesin protein SA1, which can replace the role of
SA2, has an affinity for telomeric DNA sequences and this affinity is increased in the
presence of telomere protein TRF1.

Thedissertatiorthat followsprovides the background and the studies of these
experiments. Each experiment uses shmgtgdecule techniques to narrow the focus of a

biological system down to an interaction between one protein (or two) and DNA. These



experimerd identify the unique interactions between proteins and DNA in their tightly
controlled environments. Once these interactions are well understood, the confiptexity
subsequent experimerdan be increask until the focus on the biological system is gane

all that is left is the understanding of the biological system itself.



CHAPTER 1: Fundamentals of atomic force nicroscopy

1.1Introduction

Interactions between proteins and DNA are fundamental in diverse biological
processes, including DNA repair, figation, and transcriptio(Billingsley, Bonass et al.
2012 Qiu, DeRocco et al. 2013tratmann and van Oijen 201Revealing the structure and
dynamics behind proteiDNA interactions is the key to improving the understanding about
these complex biological systems. Singielecule studies can prowdddition about
population distributions lost in bulk biochemical assays that only report the average system
behavior. Importantly, singienolecules techniques allow for the observation of biologically
rare important events or conformations that are eypbnted in bulk assays. This work
focuses on applying singlaolecule atomic force microscopy (AFM) to investigate the
conformational properties of the protddNA interactions involved in telomere maintenance

pathways and sister chromatid cohesion.

1.2 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM), also known as Scanning Force Microscopy was
invented during the 198@Binnig, Quate et al. 1986lansma, Elings et al. 1988ver the
last two decades, different AFM imaging modes were introduced, making it one of the most

versatile singlanolecule imaging and manipulation techniques capable of examining



physical properties dfiologicalsamplesn air or liquidswith high surface resolution

(Bustamante and Rivetti 1996

Modes of peration

AFM is a neaifield approach, wherein a sample surface is directly probed by a sharp
tip (several nanometers in diameter) attached to a flexible cantifelaser is reflected off
the back of the cantilever intdfeur quadrant photodiod®uring the scanning process, the
cantilever is bent towards the surface due to attractiveutiface interactions, or reflected
away from the surface due to repulsivefgce interactions. These interactions are captured
by the ebviation from the central location of the photodi¢Bmurel: Cartoon representation
of the principal mechanism behind AFM scanniridhe most commonly used AFM imaging
modes include contact mode, intermittent contact mode (or oscillating mode), and non
contact modeThe height profile is measured directly from the deviation of the reflected laser
onto the fowrguadrant photodiode with sub nanometer precision capability.

Contact mode requires constant direct corttativeen the AFM tip antthesample
surface. The shear forces from the tip draggivey the surfacencrease the odds of
damagingor moving individual protein and DNA molecules, which leads to sample
degradatn or image smearingapping mode remedies this by oscillating the cantilever tip
(close to its resonant frequendgring the scanning procesdlowing for surface interaction
solelyat the apex of the bottom oscillatioihe photodiode converts the lexdted laser into a

sinusoidal electric signal, which is then converted into an RMS value for the amplitude of the



oscillations. The feedback lod&eeps the amplitude of oscillation constant as the tip scans
over the surface, whereas in contact mode tigeasf cantilever deflection is what is held
constant. Thérief interactionbetween the tip and surfageeatly reduces stress forces,
allowing for superior imaging of protein and DNA systgfBastamante and Rivetti 1996
In order to ensure proper imaging of the sample, thsaipple distance pes to be held
constant with sutimanometer uncertainty. This is accomplished by using a frequency
modulated signal to dampen external forces that affect tsatiple distanc@Martin,
Williams et al. 1987Rode, Oyabu et al. 20R9

A further development known asmcontact mode reliesolelyon attractive and
repulsive forces between the surface and the tipowt actually making contact with the
sample, thubestpreseving the integrity of the sampl&hese nofcontact forces dampen
the amplitude of oscillation, which is corrected by the feedback loop in order to keep the
amplitude constanthis stress rediion makegappingimaging the ideal candidate for
imaging dense protein/DNA systems.

During scanning, AFM tigsample interactions are mediated by borations of
forces including longange electrostatic interactions, medium range attractive van dés Waa
forces (~10 nm), and short range repulsive Bohr forces (~0.IL@it¢ and Herrmann
2005. The repulsive Bohr force that dominates vepseinteractions oagrswhen two
molecules beginverlapping electron orbitalius the repulsive force &sdirect
consequence of the Pauli Exclusienncipal A standard modalsedto describethe forces

encountered by the AFM tip is the Lennai@hes potential
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whereC; andC; are the corresponding constants ofréqeulsiveandattractiveforces

encountered by the tip axdepresents the distance between the sample and tip. As the tip
draws closeto the surface, it falls into the potential well, resulting in an attractive force on

the tip(Figure2: Example force vs diance curve that mirrors the type of interaction

between the scanning tip and sample during AFM measurements using specific imaging
mode$. Theattractivex® term is often described as the van der Waals interaction because it

is the direct product of interaction between molecules on the tip and molecules on the surface
(more on molecular interactions |gtelf the separatiobetween the tip and sampentinues

to decrease, the repulsivé»term dominates, resultirig a net repulsive force on the tip

(Leite Herrmanr2005.

AFM imaging of biological samples can be done either in air or in liquid. Liquid
imaging is more complicated due to hydrodynamic interactions between the oscillating tip
and the sampl@Bustamante and Rivetti 19p61owever the phase change between the
cantilever vibration and the drive signal can be held constant via the feedback loop instead of
the amplitudewhich is calledpbhase intermittent contact mode. Examining the phase
difference after sample interaction yields insight into the elasticity or friction of the sample.

It has also been shown to improve resolution during liquid imaging of sa(@ptEaman,

Golan et al. 1997

Sample preparation for AFMniaging



An idealsurface for AFM imaging must be compatible with the sample and
exceptionally flat. While the latter issue mportant to ensure that only the sample height is
being measuredhe former issue is much more important for biological samples. A variety
of surfaces have been used to immobilize biomolecules, such as glass, silicon, and mica
(Wagner 1998 Muscovite mica is the most commonly used substrate. It has a negatively
charged surface that can easily be made atomically flat via a simple peeling priticess
household scotch tapk is important to have cations such as¥dNi?*, or C&* to act as
salt bridges to adhere the negatively charged DNA or proteins to the mica ¢Hdasena
and Laney 1996. Another method is to chemically treat tinécasurfaceto prepare a
positively charged surface for depositing negatively charged samples without buffer
limitations For example, a silicoor micasurface incubated with {3
aminopropyl)triethooysilane (APTES) forms a sedissembled monolayer with siloxane
bonds. The free, positively charged amino groups are then able to attach to negatively
charged element{3essmer, Kaur et al. 2013

Before DNA is deposited on the $arge, it is floating in an aqueous 3D environment.
Upon deposition to mica, the DNA becomes restricted to 2D mddieen the right buffer
conditions, DNA isquickly adsorbed onto the surfa@minutes for 6 kBp ds DNARather
thanobservingprojectiors of the 3D conformationf proteins or DNAonto the mica surface,
the equilibration process creates a stable 2D environf{Rerdtti, Guthold et al. 1996
Longer DNA chainsX 20 persistence lengths) also encounter volume exclusion, which

deviateghe measured length of the DNA from theoretical predictiornFor mica surfaces
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without surface modification, ~20 ul of the sample is deposited on the surface, followed by a
brief incubation time (< 30 seconds). The sample is then gently (to avoid striating the DNA

on the surface) blown dryith nitrogen gas before being loaded onto the AFM.

AFM imaging in liquids

Liquid imaging offers the ability to observe ré¢ahe dynamicsof biological systems
while under physiologically relevant conditions. This can be for usestddyingsingle
molecule systemdnteractions between macromoleculeslive cells Liquid imaging is
particularly useful to analyze behavior of lipids for phase transitions or lipid mixtures
(Alessandrini and Facci 201.Note that fora nitrogengasdried micasurface there is a thin
layer of water covering the samgtem water molecules in the aBimilarly, AFM tips
made of silicon or silicon nitride are also hydrophilic, and also have a surface layer of water
moleculeqLyubchenko 201} This layer of water also induces an attractive foko®wn as
the capillary forcebetween the tip and the sample at close distahtesnt@ast, sincehe
AFM tip is always immersed during liquid imagirtis drastically reduces the capillary
forces on the samplé&ading to images with higher resoluti@rake, Prater et al. 1989
Lower capillary force allows for higher scan speeds and minimized sample destruction
(Hamon, Curmi et al. 20)0However there are complications in getting biological samples
to properly adsorb onto the surface for sufficient time fraaresresolving the biological
conformational changes temporalRecent advances in higipeedAFM imagingthrough

minimization ofvibrations in the sscanner and optimization of the feedback coldrallow
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for ~250 nm scans to be completed in a few hundred millise¢@mdi®, Uchihashi et al.
2008. Improvements to the electronic circuits, cantilever deflection detection system, and

other electronic circuits have also improved scanning sffeetb 2013.

Force analysis using AFM

Another useful feature provided by an AFM is the ability to probe the physical
interactions between biomolecular assemblies or cells usingdpeatroscopyThe
cantilever tip essentially acts as a spring that can test the force between the tip and the sample
using Hookeods Law
2

whereF is the force measured by the tip deflectibrg the spring constaff the cantilever

ﬂ

andx is the displacementhe spring constaktcan be calculated using

A B | (3)
S d

with cantilever dimensions width, thicknesg, lengthL,, and a Y o wifGieésibbl mo d u |
2003. Another method used to calculate the spring constant describes the motion of the

oscillating cantilever through the use of equipartition theorem. The kinetic energy stored in

the system is equal to onelfhaf the thermal energy of the system, and the deflection is

rel ated back to the f2p(€CookeSchafieratal. @0P6Tiparal k e 6 s | a
spring constants range from 0.01 N to 100 N mt, providing a sensitivity down to TON.

In force spectroscopyhe displacement is typically measured as a fundfdhe cantilever

deflection from the photodiode sensonoltsand the deflection sensitivitgf the cantilever,
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from which the force is then calculatédlatanova, Lindsay et al. 2000Usually in Atomic

Force Spectroscopy (AFS) experiments, the sample is immobilized on the surface while the
interacting partner is adhered to the AFM tip. Analysis of a force versus distance curve can
provide insight into thedrces necessary to break establisithe bond between the two
biological samplesexamples of which include protefmotein interactions, DNA secondary
structures, or ligandeceptor interactiond.ynch, Baker et al. 20Q¥Han, Qin et al. 201He,

Hu et al. 201k The force versus distance curve generated by tthaigue can also provide

insight into intramolecular forces.

Imaging improvements

There are many avenues of improvement for AFM technologycteasehe
resolution of images. Perhaps the most obvious starting point is the tip used to scan over the
sanple. A tip with a smooth shape has some radRueear the apex of curvature. This tip
curvature makes it difficult to resolve features between two objects on the surface located
close to each other. The limit of resolution for the AFM tip depends ongtende between
the surface objectsl), the height of the objectk)( the deformation height of the feature
between objectsyy ¥, and finallyR (Lyubchenko 201)L Tip sharpness islso avital concern
in order to minimize the amount of van der Waals interactions by ensuring the surface
molecules interact with as few tip molecules as posditaldy siicon cantilevers contained
integrated tips etched in the [0 O 1] crystalline direction, which maximized the sharpness

(Marcus 1990 However, the tip must be stable enough to avoid damage if it makes contact
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with the sample or experiences an excess oefdnps with [1 1 1] orientation proved more
structurally stablelue toincreased bonding with surrounding tip molecyf@ggssibl,
Hembacher et al. 20p0Carbon nanotubes offer another suitable material for cantilever and
tip construction. In addition tnprovedtip sharpness, carbon nanotubes have improved
elasticity, which limis the maximum force it can deliver to biological samgigeng,
Joselevich et al. 1998Controlling the length and orientation of carbon nanotubes is difficult
however, thus the process of creating high quality tips from this method is expensive and
tedious(Buchoux, Aime et al. 20Q090ther factors that improve image resolution include tip
sample interactions, proper immobilization and adsorption on the surface of the sample, pH
balance of the buffer, and ionic strength of the bufféou, Czajkowsky et al. 199B1uller

and Engel 199 Muller, Fotiads et al. 1999 Changes in temperature can cause the

cantilever to bend and possible alter the eigenfrequency of tf@iégsibl 2003

AFM studies of proteiprotein and proteHDNA interaction

Due to the ease of sample preparationlandimpact on biological samples, imaging
proteinprotein or proteirDNA interactions with AFM is an excellent way to examine
singlemolecule interactions in systems. As previously mentiooed mica surfacé&NA
molecules reequilibrates on the surface in 2D, allowing for relevant information to be
gatheredrom AFM images

1. Therecognition ofspecificDNA sequences and structureg protein machinees
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Proteins can also have a specific predilection for specific regions ofli2lNéd on
the sequence of DNKaur, Wu et al. 2014.in, Countryman et al. 20340ther proteins
localize to regions of DNA damage, such as nicks, gaps, or hi@akisanova, Abrakhi et al.
2016. Proteins can also serve as stabilizing agents for secondary DNA strisciciness
loops or G quadraplex€g/ang, Finzi et al. 2009Analysis of protein position on DNA can
yield information about the specificitf the protein to these regions, additionally providing
the disassociation constgilYang, Tessmer et al. 2008

2. The sizeshape, and volume of proteldNA or proteirprotein complexes

In order to extract meaningful information from AFM scans, a volume calibration
curve using known proteins can be used to create a linear relationship between volume
measured by the AFM andamolecular weight of proteir{8Vyman, Grotkopp et al. 1995
Ratcliff and Erie 2001lYang, Wang et al. 200%ukhanova, Abrakhi et al. 2018 his
relationship additionally allows for examination of protein aggregation and piDiéf
volume interactias (Daban 201 1Kaur, Wu et al. 2014 Additionally, thedisassociation
constants of proteins can be obtainexhf analysis of the AFM imagéRatcliff and Erie
2001 Yang, Wang et al. 2003

3. The processing of DNA Ipyoteins

AFM scans can yield information about the searching or targeting mechanisms for
proteins to locate specific locations along DNA by mapping the instances of gDiNé&In

interaction(Chen, Haushalter et al. 20(&hlyakhtenko, Lushnikov et al. 2012 can also
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serve as a tool to investigate the effects of protein binding to DNA conformatiorgstiuh
DNA bending anglé€Janicijevic, Sugasawa et al. 2002&ng, Wang et al. 2003

Recall that for khof these instances, the protddNA samples are held immobile on
the surface. Thus the images generated by the AFM resemble instances in time rather than
live, dynamic processes. Just like a movie, enaagisecutivestill images can give an idea
for alarger pathway, process, or reaction. Each AFM scan takes a relatively small amount of
time (on the order of minutes), making it possible to generate enough images to have a
statistically robussample sizelmportantly, images from different depositionsishbe
scanned and analyzed to avoid concluding results from sampling noise, deposition pollutants,
or strange surface interactions. Additional controls, depending on the nature of the
experiment in question, are also necessary to avoid inclusion ottriifito the data

analysis.

Data processing of AFM images

A variety of platforms and programs exist, mostly generated by the scientific
community, to maximize the acquired data from each AFM scan. Many free programs, such
as Gwyddion or ImageJ, can beedr customized in order to extract information such as
height, area, volume, and length of AFM scans (both of which are used in our lab). More
sophisticated and expensive software is necessary to analyze the complex interactions
between protehDNA complexes. Matlab, Igor, and LabView are the three used by our lab to

trace the backbone of DNA and map assorted pr@8&IA interactions, although there are
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many acceptable substitut€ur lab uses Gwyddion to extract information such as height,

area, volumeand length of DNA.

%edback signal

chag inz

» feedback signal
and monitoring
xly position of tip

3D image
Figurel: Cartoon representation of the principal mechanism behind AFM scanning

[provided by(Tessmer, Kaur et al. 20)]3
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Figure2: Example force vs diance curve that mirrors the type of interaction between the
scanning tip and sample during AFM measurements using specific imaging modes

[adapted fron{Leite and Herrmann 200§
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CHAPTER 2: Fundamentals offluorescence microscopy

2.1Introduction

Over the years, Total Internal Reflection Fluorescence (TIRF) has become a staple of the
biological community in order to examine a variety of systems under physiologelaiyant
conditions. Unlike AFM imaging in air, TIRF experiments provide dynamic information
about the system in question. The highly adaptable system allows a plethora of samples, such
as live cells, DNA suspended tightropes, and microtubules, to bediesing fluorescent
materials such as quantum dots or fluorescent dyes. The field is rapidly evolving, with
revolutionary new adaptations of the basic technique altering the technical landscape nearly

annually.

2.2Theory behind TIRF
James Clerk Maxwelievolutionized modern science with his unification of light,
electric fields, and magnetic fields. Previously theseceptsvere considerethdividually,

but Maxwell was able to unify them in just four equations:

O zp (4)

) 5

e T_Ilb (5)
w9 m (6)
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Armed with the fact that light is constructed of time varying electric and magnetic fields,
Ma x w eelguatidrss make it possible to establish boundary conditiongfirals it

impinges on a surface:

"Or 9 ®)
E F F T 9
e | 9w (10)
I B Lk (11

If there are no free charges on the surface and no surface currents, then e(@iafipstate
that the normal anponents oD andB are continuous and the tangential componenE of
andH are continuous.

When a ray of light impinges on a surface, there are three total rays to ultimately
consider: the initial ray, the reflected ray, and the transmitted (or refracteday . Snel | 6 s
(eq.12) shows that the angle of the reflected ray with respect to the normal of the impinged
surface is equal to that of the initial @jthough this can also be deduced by applying
Maxwel |l 6s boundary conditions)

P P, (12)
The transmittedight ray is governed by the law of refraction (&8)
= "1if = "TifH (13
wheren is the index of refran of the material the ray is moving through, and the
numeration applies to the initial and refracted wave respectively. A curious instance occurs

when the ray moves from a higher index of refraction to a lower index of refractismghn
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Asiinfres e sal sfo i ncreases, 0ntli liThusea anglefari t i on
the transmitted light ray only exists for incoming light below a certain afple.angel is
defined as the critical angle

"I i Hu = (14)
T

For angles greater than the critical angle, all light is reflected, which gives rise to total
internal reflection. At the critical angle, the refracted light ray travels parallel to the surface
The refracted wavalso has an amplitedthat decreasgeerpendicular to the surface in

material 2. This phenomena is known as an evanescent wave, and describes the decaying
intensity of the light wave in the transmitted medium for incoming light at the critical angle.
The amplitude of the evascent wave decreases exponentially, and hastad penetration

depth (eql15) into the second medium

{7 Z (19

where2 k 2 widthe wavelength of a normal plane wave in the mediinally
the application of Ma i reveasshatbhe nefrected wavehaso nd i t |
the same magnitude of etec field as the initial wave. Due to the conservation of energy

between the initial and reflected wave, this is known as total reflection.

2.3 Penetration depth ar@blique Angle Fluorescence
The fundamental mechanic of TIRF is to allow a small amofiahergy to penetrate

into a closed system in order to activate a fluorescent device related to some relevant bio
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molecule (more on fluorescent devices later)principal,abiological sample iplaced on or
close to a surface. A highly collimated ligheam is incident on the opposite side of the
sample at the critical angle, causing total internal reflection to otharevanescent waves
allow for anenergy transfeto the fluorescent devicés occur, buthe penetration deptbf

the evanescent was@to the sample is limited'he typical penetration depth is on the order
of hundreds of nanometefisonopka and Bednarek 2008Vhile there are many adjustable
parameters in order to determine the penetratmtidof the evanescent wales).15), the
angle of the incident laser beam has the most experimental variabbitgue Angle
Fluorescence (OAF) is a variant on the TIRF technique whxergical angles are used
instead of the tre critical angleThis technique generates an increased sigrabise ratio
and increased penetration depth into the mat@€ed, Wang et al. 20)0Furthermore
variable OAF studies allow for imaging of cells by mapping fluorescence as a function of
penetration depth into the material by simply adjusting thecstibal angle of the incoming

beam(Konopka and Bednarek @8).

2.4 Single molecule tracking

The primarymotivation issingle molecule tracking, or the ability to follow the path
of a single protein as it traverses a DNA subsirat#der to examine specific interactions
that are missed by bulk assay expeniseDNA is ordinarily tangled up in the nucleus at
very high concentration. A wonrtike chain model can describe the DNA as a length of N

polymers each of which are free to rotate under thermal mect{ahees s o n Radosavl j
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al. 2004. If the concentration of DNA is high, as it is in the nucleus, the proximity of other

DNA restrict the mobility of each individual Nofymers constructing the DNA, effectively

restraining the available motion for each chain, and straightening the mokeaaleety of

experimental TIRF setups exist in order to establish to examine dynamiin{iDdta

interactions. Most of these setupsalve tethering either the protein or DNA to a support in

order to stabilize the system while avoiding surface adsorption to extract physiologically

relevant dataA technique pioneeredliyr i ¢ Gr eeneds | ab does this
channels into a silecmicroscope slide and occupying these regions with lipid bilagers

resemble a cell like environmef8ilverstein, Gibb et al. 20)4mportantly, the head groups

of these lipids have been functionalized with biotin. DNA with a biotinylatebi® flown

across the lipid filled channel and adheres to the surface through a streptavidin linkage. The

DNA are pushed against the channel wall from the input 8odithe silica slide acts as a

physical barrier to prevent lipid diffusion out of the hal, creating a DNA curtain. These

tethered DNA molecules are stretched out by this flow and tethered to the surface, thus

allowing for simultaneous data collection of many pref@NA interactions using TIRF.

This model has control over the DNA concetitma as well, which is necessary to isolate

individual interactions for statistical analysisar i ant s on thi s techni qu
zagb barrier to prevent the overlap of nearhb
DNA with a second baier and chemical linker, spatially resolved nanowells to tether the

DNA curtains, and crisscrossed curtains to examine lateral protein diffusion to nearby DNA

substrategFazio, Visnapuu et al. 2008isnapuu, Fazio et al. 200&orman, Fazio et al.
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201Q Goman, Wang et al. 2012Vang, Redding et al. 20L.8Breakthrough in the field of
DNA repair have come about by examining intermediate pr@®&lA interactions,
identifying motor proteins based on diffasipatterns, and extracting diffusion information
from protein movemer(Gorman, Chowdhury et al. 2003pies,Amitani et al. 2007
Gorman, Wang et al. 201Qi and Greene 20}6
Diffusion is a particularly interest problem of note. Many proteins are taskbed wit
locating a specific DNA sequence or region alterggthsof DNA many orders of magnitude
longer than the location of interest. There are four diffusion methods utilized by proteins in
order to search for targets: random three dimensional diffusion,ffL3idn along the DNA
substrate, 1D hopping in order to bypass obstacles, and intersegmental (Barsfewinter
et al. 1981von Hippel and Berg 198@orman and Greene 200&ny searching
mechanism that employs hopping, sliding, or intersegmental transfer is referred to as
facilitated diffusion, for ap of these processes increases the target association rates above
that of 3D collision based diffusion. A protein can use any amalgamation of these processes
in order to locate the target, and single molecule analysis is a fantastic method for testing
eachmethod. DNA substrates can be designed with protein specific sequences to test the
affinity and stability of the interaction as well as the method of diffusion to locate the region
(Gorman, Wang et al. 20LRoadblocks such as nucleosomes can be added to the DNA to
in order to test the ability of specific proteins to bypass obsté8tesn, Kim et al. 2016
Another method oéxamining proteirDNA interactions, and the method used for all

experiments for this thesis, is to establish DNA tightropes in a flow cell by tethering the
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DNA to beadgKad, Wang et al. 20Q0First, polyl-lysine is used to coat 5 micrometer silica
beadsThe coated beads are washed with ddk excess of DI kD and centrifuged twice at
16000G to wash the beads. They are then diluted in 100 microliters ofdr
introduced into the flow cell for 5 minutes. The negatively charged oxygen of the carbonyl
groups on the poH-lysine attract cations in the solution of the flow cell, which will
ultimately create a salt bridge similar to that of the AFM in ordettract DNA. These
beads are introduced into a closed flow cell at a concentration experimentally deduced to
produce optimal coverage on the surface. Finally the beads are washed with the buffer used
in the TIRF experiments to remove any weakly tetheredfe

The flowcell is constructed by drilling two holes 15 mm apart through a glass
microscope slide. Plastic tubing is cut, expanded at one end using a heat gun, and pulled
through the holes until taunt. The tubes are then glued into place using UV adinegjve,
which also seals any air pockets between the holes and tubing. Excess tubing is cleaved away
using a box cutteA coverslip is meanwhile prepared thoroughlybleaching and cleaning.
This is followed with amine functionalization witheninopopyl-triethoxysilance in 2% dry
acetone and washed thoroughly with DIOH Once the coverslips have been treated, they are
sandwiched together along wlEG SVA for ~4 hours before they are separated, washed,
and dried. The coverslip is then attachechglass slide with adhesive tape and sealed shut.
Finally the flow cell is flushed with DI O.

After the beads are introduced and incubated, the flow cell are connected at one end

to a syringe pump (operated at 0.15 ml/min unless otherwise specified) tre other end



25

to a 1.5 mL centrifuge tube that acts as a reservoir. The flow cell is again flushed with
whatever imaging buffer is used for the experiment, taking precaution to avoid introducing

air bubbles into the system. The DNA is then introdunemlthe system by injecting it into

the reservoir and withdrawing the solution into the flow cell. Once inside the flow cell, the
DNA is moved back and forth across the beads for ~15 minutes. The DNA sticks to the poly
L-lysine covered beads during thi®pess, and continues in the direction of flow until it
encounters another bead. If the DNA strikes another bead, it adheres again, creating a region
between the two beads of taught DNA. The DNA remains taught even after the flow is shut
off, allowing forobservation uner an absence of external flow.

In order to examine the stability and extension of DNA in the flow cell, it is necessary
to evaluate DNA as an ideal polymer composed of N units with flexible linker ends allowing
for random bend angles. Inlation, each linker region is subject to thermal fluctuations,
causing each bend angle to be a result of a random Wadkiorce required to extend the
DNA must overcome the thermal fluctuations, and can be des@dwedding to the worm

like chain modkas follows

J
K e (16)
L 'AO ° J
I
wherelgi s Bol tzmannds constant, T is é&ndmperatur

the moment of inertia of the DN@ustamante, Marko et al. 1994or DNA there is a
predilection towards seHvoidance due to the negative phosphate backbone. This model is
well established and wased as a basic framework for sirglelecule studies to stretch ds

DNA (Smith, Finzi et al. 199BensimonSimon et al. 1995Cluzel, Lebrun et al. 1996
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Bouchiat, Wang et al. 1999These studies concluded that a force-8f{@\ was sufficient to
strech ds DNA to ~90% of its contour lengtfhe DNA can become overextended if ~60 pN
forces are applied, and DNA has a theoretical breaking limit of ~500 pN. In the region
between 50 pN, the DNA stretches but maintains its integrity and helicity, thss it
essential to be within this regime for DNA within the flow cell. The force duedo
dimensionalaminar flow can be estimated using the following

- |
— O[F 17)

where dp/dx is the pressure drop, n is the visco$itigeobuffer in the flow cell, \is the
velocity of the flow ratdflow ratedivided by the cross sectional areand B is the height of
the flow cell (~120 micrometergiKad, Wang et al. 2030Given the beads used are ~5
micrometers in diameter and a flow rate of 0.15 ml/min, the estimated fgutechto the
DNA is below 10 pN, well within the bounds for DNA stability and stretching.

Once the DNA is suspended and extended between the peatdé$sn complexes
tagged with quantum dots or fluorescent dyes can be used to examine tophbein
interaction. Like the DNA curtain method, the DNA tightrope assay can also provide insight
into protein diffusion capabilities and protddNA interactions. Examples include protein
recognition of DNA damage sitékad, Wang et al. 20)0telomere proteins binding
strongly to telomeric regions of DN@A.in, Countryman et al. 20}4investigation which
proteins in complex process are involved with direct DNA bindigghes, Wang et al.

2013; and a glycosylas@&volved in base excision repéBlainey, van Oijen et al. 2006
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2.5Quantum dopropertiesand fluorescent dyes

Fluorescencerobes are widely used in studgibiological systems. However
organic fluorophores photobleach fairly rapidly and have overlapping emission lines. The
former matter is difficult for long temporal monitoring of a system, while the latter issue
makes multicolor imaging a difficult propason. Quantum dots serve as an alternate
method of imaging biologidanaterials and offer decreased photobleaching effects and sharp
emission spectra.

Quantum dots are spherical, crystalline particles on the nanometer scale, typically
composed of periodigroup IFVI (ex. CdSe) or IHV (ex. InP) material§Alivisatos, Gu et
al. 20095. Photoexcitatiorof the quantum dot leads to the creation oéaciton or electron
hole pair,whichis confined to the volume of the quantum dot. Both the electron and the hole
are trapped within theespectiveparabolic energy wells from thespectiveconductionand
valencebands of the materialhis occurs only in materials where the particle is smaller than

the exciton Bohr radijWilson, Szajowski et al. 199&han and Nie 1998

1]
For quantum dots, the spacing between energy |évétseq.18) depends on the Fermi
energyof the metal Eand the number of electrons in the metdMNirray, Kagan et al.
2000. By controlling the size of the quantum dot it is possible to control the spacing between
energy levels, and the tdsng photon that is produced by excited electrons dropping down
from higher energy bandBruchez, Moronne et al. 1998lurray, Kagan et al. 2000These

studies also show quantum dots have broad absorption spectra, allowing for excitation by a
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wide range of wavelengths, and a narrow, symmetric emission spegireally a layer of

ZnS coats the CdSe cortesprotect the core from oxidation, prevent leeching of the core into
the solution, and increased luminescefMedintz, Uyedaeal. 2005. The ZnS layer has a
significantly larger band gap than the core mateei@ctively confining excitation to the

core(Bruchez, Moronne et al. 1998

2.6 ProteirQD conjugation methods

While the quantum dots are the source of light emission for single molecule
experiments, the biological sample is the point of interest for the experiment. Thus it is
necessary to attach, or conjugate, the quantum dot to either tbm @oDNA forsinge-
molecule tracking

It is possible to functionalize quantum dots in order to improve aqueous solubility and
stability with a variety of methods. Ligand exchange replaces the hydrophobic surface
ligands with hydrophilic bifunctional ligand®edintz, Clapp et al. 2003EDC, or Xethyt
3-(3-dimethylaminopropyl) carbodiimide, is condensed on the surface, allowing exposed
carboxyl groups on the quantum dot to react to amines. This method is prone to excess
aggregation due to the numerous amount of available binding sites on the functionalized
surface(Medintz, Uyeda et al. 2005lt is possible to directly bind proteins to the quantum
dot by attaching thiolated pegés or polyhistidide (HIS) residues on the quantum dot

surfacecorresponding to the proteiAvidin-biotin conjugation can also be used to directly
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relate the quantum dot to the sample in question, or through an intermediary such as an
antibody(Bruchez, Moronne et al. 1998

Our experimentsitilizing cohesin molecule SA2nless otherwise specified used
streptavidin coated quantum dots t@aelt to a biotinylated multivalent chelator tris
nitrilotriaceic acid E'tris-NTA) (Reichel, Schaile et al. 200Y. The histidine heads of the 6x
histidine (His) tagged stromal antibody 2 (SA2) bind with to the NTA with subnanomolar

affinity.

2.7 GapDNA preparation

The functions of proteins in many important biological pathways are mediated
throudh their specific binding to unique DNA sequences and structures. sSDNA gaps are
generated during DNA replication on the lagging strand and during DNA repair. To study
protein binding to sSDNA gapg,was necessary for us to generate Déldstrates with
sPDNA gaps at defined location§o achieve this we useatdckase enzyme Nt.BSTNBI to
nick plasmid DNA pSCWO01 at 4 sitéscatedwithin 37 bp of each other. The nickase
enzyme only cuts one strand of the DNA, allowing the resultant region between nick sites t
drift away thermally, leaving a region of ss DNA on the plagffiessmer, Kaur et al. 2013
In order to prevent the corresponding oligomers frorameealing to the plasmid DNA
template, we introduced complimentary ss DNA sten 50X molar exces® the solution
after the nicking proceds act as an annealing templaf@e solution was allowed to cool

before centrifugation with a 10000 MW filter in order to remove the excess oligomers in the
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solution. The DNA was then linaaed using ScaHF (NEB) and purified. To test the
gapping efficiency we digested the gapped substrate tisil@genzymegPstl, NcotHF,

BamHI NEB)that bind in the region between nick sites of the original plashgdrosegel
based restriction digeshaanalysis showed ~8%% of the resulting DNA was gapped
Stretching ligated gapped DNA inside flow cells containing ficlysine treated beads did
not yield DNA tightropesThe solution was to ligate the standard pSCWO01 linear DNA and
gap the DNA insidef the flow cell. The procedure follows the same basic steps: (i)
introduce nickase enzyme Nt.BstNBI into the flow cell and nick the pSCWOL1 tighi@pes
55° C); (ii) flush the flow cell with buffer solution and heatremovethe regions between

the nikked DNA (at 60 C); (iii) flush the system with 30Ql 1M MgCl> to remove any
nickase enzyme from the DNA as wellaasy excess sand dsDNA (iv) flush the system

with 3 ml of buffer to reestablish biologically relevant buffer conditions within the flosil.

In our case we combined the first two steps since the annealing temperature was proximate to
the temperature required for the nickase enzyme activatienDNA tightropes treated with
the aforementioned DNA gapping procedures are refractory tactiest enzyme digestion

targeting the regions between the nicked sites, confirming the presence of sSDNA regions.

2.8 Specifications of in lab fluorescence microscope
Fluorescence imaging was carried out with an inverted microscope (Niken Ti

equippel with a solid state laser (20 mW Sapphire DPSS), a 100X objective with a numerical
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aperture of 1.49 (APO TIRF, Nikon) and an electron multiplied (EM) CCD camera (iXon

DU897, Andor Technology).
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CHAPTER 3: Single-particle tracking of quantum-dot labeled poteins on DNA

3.1 Introduction

While imagesgathered fronthe AFM imaging in air are static, retine fluorescence
microscopy imaging enables tracking of individual protein diffusion, binding, and unbind
from DNA tightropesThe following section wilillustrate howtracking quantum dot labeled

proteins on DNA tightropes provides insight into their biological funstion

3.2 Improved positional accuracy through Gaussian fitting
As mentioned previouslyn our fluorescence imaging experimental sethe,signal
is obtained by capturinghotons emitted by quantum detith an EMCCDcamera
However barriers such as the diffraction limit and the binning of captured photons into pixels
place restrictions on the quality of image obtained from the experiktvrie the resolution
of the image is always lost, it is possible to obtain the true center of the object by using
Gaussian fits. Begin with a ortémensional pixel array whereindj are the indices of the
pixel, Sj is the intensity of the correspondipixel, andN; is the expected value of a
Gaussian fit with widtls centered axo,Yo (in pixel units)(Thompson, Larsoet al. 2002

Nij would have the following form:

. (19)
v v

- "HO
The goal is to minimize the variance in the sample of a normally distributed sample, whic

can be accomplished by minimizing the GShuared sum of the Gaussian fit.
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- (20)
r.
Tt YQ w0 Qw0 (2D
The second term in eg1 has odd symmetry, and is approximately zero, yielding
(22)

for locating the center of the particleypically two Gaussian fits are used: the first is a least
squares fit to a Gaussian distribution taking into account background noise as well as photon
counting noise of the systef@heezum, Walker et al. 20091he second ignores the photon
counting noise and fits the intensity signal only according to the backg(®bothpson,

Larson et al. 2002The following expression determines the uncertainty of the position due

to photon counting noise and pixilation noise

(23)
v T v vz

T g

wheresis the standard deviation of the intensitydits the pixel sizeb is the standard

a.

deviation of the background, ahtis the number of collected photofifhompson, Larson et

al. 2002 Selvin, Lougheed et al. 200Kad, Wang et al. 2030

3.3 Methods of data analysis
Once theposition of the quanturdot protein complex in each video frame is
determinedthe next step is to extract statistical information from tracking the particle

position.A simple model to apply is the Brownian motion of a particle undergoing one



34

dimensional diffusionitisworthnotiy t hat t hi s model of random
motor proteins as they undergo directed diffusion. The one dimensional probability
distribution function is as follows

. .. e e, (24)
I ofia ——"Ho T ——_
n Z r < T <

wherex is the particle position attimtexoi s t he particl e®sther i gi nal
diffusion constant in S.1. units ofast.. We also require theean squared displacement
(MSD), which is given by e5
I 0e « o O (25)

o ® O WO & coad (26)
By expanding out the enséie averageve obtain eq26 without the explicit time
dependenceAt this point there are two options to obtain the MSD: 1) use brute calculating
force to obtairfto Gand@sd’2) use the moment generating function to obtain th® S
terms of parameters from the probability density functionZd).Let us generate an

expression for the characteristic functi®(k) and expand the exponential

(27)

g B0 g Ep ofige. Mo

O 'rQ 'QTQ ‘ (28)
aA

Taking a natural log of e@8 provides the cumulant generating function
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(29

whereKm is the mth cumulant of the position e cumulants are related to the moments of
the system, with the first cumulance equal to the ndefand the second cumulance equal
to the variance of the sgshan OBy substituting eqR4 into eq.27 and completing the
integration, the following is obtained

il r< (30)

After taking the natural log of e§0, one can compare termsrafwith eq.29in order to
obtain values for the first and second cumulants. Thus it is possible to also expres®the MS
in the following

I 60« oo O |« 31
wheret is the time intervaspacingoetween particle instancémore on this shortly)eq.31
was derived assuming the particle undergoes random diffushas/tor, however this is not
always the case. Particles can exhibit-diffusive behavior if they are confined pause
during the random walk procesmd supediffusive behavior if their motion is directed
(such as with protein motors). Therefor we trarscount for this with the adjustment of a
diffusive parameter to e®1, yielding eq.32

Iy 0o« oo O < (32
We can also expand e2p to calculate the MSD as a function of the time interval (frame

rate) as follows
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U 1. 33
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whereN is the total number of frames of the particle patis,the number of frames within
each time intervalyois the time between frames, ax@ndy; are the cetered positions as
determined by the Gaussiandiftlined inthe previous section. From e it is possible to
generate a relationship for MSD vs. time in order to obtain values for the diffusion constant
D and for the alpha tat o(NecHyporukZloy, Dieterich et al. 20Qgan, Sheen et al. 20115
A common practice is to assie that the motion of the tracked particle is Brownian,
thus the U term is set to 1 when plotting MS
constantgKad, Wang et al. 201,(Lin, Countryman et al. 2014enninger, Mastroianni et al.
2014). However particles bound by barriers or stuck in energy wells kabdiffusive
behavior and U is | ess than (ChoiMdigiasesélalal so n
2007). Superdiffusiveno | ecul es hav e (Nechyptiukgoay,®wterieretal. han 1
2008 Dunderdale, Ebbens et al. 2012
Our experiments capture typically42minutes ddata with a 50 ms frantene for
individual protein molecules. When a protgjnantum dot complealternates between
different binding modest becomes difficult to isolate individual diffusive modew to
calculate their dwell time$uilding on work fronthe Wallace groud developed a slidg-
window method to isolate local diffusion modes that are all averaged together in bulk MSD
calculationgEspenel, Margeat et al. 200&rror propagates quity in MSD calculations,

thus usually only the first 280% of data points are used for fitting the diffusion constant
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and alpha factofEspenel, Margeat et al0@8 Lin, Countryman et al. 20}4lt is vital that in
reducing the window of availadldata points for MSD analysied.33 N=10 (Espenel,
Margeat et al. 20Q%aper]that one does not examine merely nearest neighbor stepping
dynamics.

Our sliding windowanalysis uses a 40 frame wind@b0 ms frame rate over 2
secong)to calculatantervatbasedliffusion constants (ix) over the full data sets (2
minutes unless otherwise statefach calculatioms based on shifting the calculation
window by 1 framethus there is an overlap of data with neighboriggvBlues tamprove
the continuityof the calculation. Th®in;, U, ? vaduaschre calculated based on fitting
MSD vs. time data based on &3, where N = 3The fit is then recalculated for N=4 and
the ¢ parameters are compared to each other. If the quality of fit is improved, thamprog
continues to increase N until it reaches the value of N=12. Ifthalue decreases compared
to the N1 fit or if the ¢ value is below 0.8, the value of 1 is added to a counter value P. P
resets if thevalue improves. This counter value returms fit values for the NP fit if the
counter value reaches a value of 2 or higher (values of 3 can be achieved for excessively poor
consecutive fits). This iterative process allows us to optimally examine short range diffusive
modes that would be otherwikest in bulk MSD analysis while also maximizing the
collectable data according to the quality of Aitlditionally it is entirely automated,
removing any human bias outside of initial conditions (such aslues).This method was

used to analyze behaviof WT and mutantohesin SA1 an&A2 proteins
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3.4 Prediction of diffusion constants and stepping rates based on-&ioke=in relation

We attach quantum dots to proteins in order to observe the diffusion along DNA
tightropes. This means that foraaging on the protein within the flow cell, such as viscous
drag forces, are also affecting the quantum dot it is attached to. Therefor it is necessary to
prove that proteins retain their function and do not have their biological function impaired by
the @njugation of quantum dots. Studies have shown that quantum dot conjugation to DNA
repair proteins does not inhibit the ability of the protein to diffuse on DNA cuili@msnan,
Fazio et al. 201,0Gorman and Greene 201For our system, a flexible His linker conjugates
the quantum dots to the proteins of interest. The flexible liokebemodeled as a Hookea
spring,and the DNAprotein interaction can be modeled as a sinusoidal interaction potential
(Bonnet and Desbiolles 201L1n this model, the protein and the label have unique viscous
drag coefficients. As the protein slides alahg DNA, it is bound to the label by the flexible
linker with spring constark. If the protein is not extremely mobile (D << 1 pisec), and if
the relaxation ti me s Mmuck draatdrithangthe aetaxatos tsne of h e
t he |4 thékneotion ¢f the protein is decoupled from the Brownian motion of the label.
Both of these assumptions fall into the purview wf experimentsThus the model for the
protein and quantum dot label contains a flexible linker, rather than a stifkeoslystem
where the label severely alters the protein diffusion capabilities.

The expected diffusion constants for protein alonebeaestimated based on the
StokesEinstein relation. Based on recent measurements, the hydrodynamic radii of red (655

nm) and green (565 nm) S&Ds are assumed to be 11.5 and 9.5, respec{ikahgpang,

D N
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Brewer et al. 2012 The estimated radius of free TRF2 is estimated as 10 nanometers based
on crystal struetre of the Myb type and dimerization domafRksairall, Chapman et al. 2001
Court, Chapman et al. 2009 heexpected upper limit for diffusion constants for a single red
QD labeled TRF2 sliding on DNA without curvilinear motion is 17.8%smThis is 18768
fold higher than the measured diffusion constants for TRF proteins (betwegraBB8.5¢
um?/s). Ths calculation supports the notion that TRF proteins slide on DNA while rotating,
following along the DNA phosphate backbone.

Assuming protein rotation around the DNA helix, the expected upper limits for
diffusion constants are based on a modified versfdhe StokesEinstein relation

mikl (39

Zt+ -0 Z o%o

TR

wheries dd he viscosity of the medi Bmlt maheds a
constant, and T is the temperature.
The expeted upper limits for diffusion constants and stepping rates for TRF2
proteins (with one red QD) with rotatiamoupled diffusion are 0.021 #/s and 365492
steps/s, respectively. These numbers correspond to a diffusion rate of G/42apda
stepping rag of 7315292 steps/s without QDs.
The stepping rate is calculated by assuming the diffusion constant to occur as a series
of steps of a single base pair using the following relationship

A _
Ymr n_

(39

;
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wherek is the stepping rat® is the diffusion constant, arg} is the length of one ds DNA

base pai(Hughes 199b

3.5 Predictio of additional energy barriers

Furthermore, reduced diffusion constants relative to predicted values for unbiased 1
D diffusion indicates diffusion barriers present alomg DNA These barriers can include
DNA target sequences, obstructions, or alternative DNA structures (G quadruplex, nicks,
gaps, legions). It is possible ¢alculate the energy barriers to protein stepping based on the
difference between the observed g@nedicted stepping rates and by applying the Arrhenius

equation(Hughes 199b

= (36)
Ho W{
0 1 TQ o (37)

Then the additional energy barrier between two different regions of DNA can be calculated
as follows:(Kad, Wang et al. 2030

(39)

(39

wherek; andk; are the equilibrium association constants for the two respective DNA
substrates. If both substrates share the same equilibrium association constants, the Gibbs

energy can be defined in terms of proteiatlihe on the DNA substrates
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wheret andt are the lifetimes on the respective DNA substrates.
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CHAPTER 4: Cohesin SA2 is a sequence independent DNA binding protein but
recognizes DNA endsind gaps
4.1 Cohesin background
The cohesin complex plays a role in a plethora of genome maintenance pathways. In
eukaryotes the cohesin complex is integral for the proper segregation and alignment of sister
chromatid(Michaelis, Ciosk et al. 199 Remeseiro, Cuadrado et al. 2D1ignproper
segregation of chromosomes can quickly lead to aneuploidy otigdis2ase$Kim, Kim et
al. 2012 Taylor, Platt et al. 200)4Cornelia de Lange syndrome is caused by cohesin
disruption, and results in altered transcriptional regulation while maintaining standard
chromatid separation, indicating that mutations or defects of Cohesin elements affect a
variety of processeadependent of DNA cohesidieters, Tedeschi et al. 2008
The core cohesin complex consists of a tripartite ring structure with two arm proteins
Structural Maintenance of Chromosomes 1 and 3 (Smcl and Smc3) and a bridge protein
Rad21n addition to Stromal Antibody 1 or 2 (SA1 or SA2) in vertebrates. This ring
architecture makes Cohesin an ideal candidate for maintaining cohesion between sister
chromatid separation during mitosis, or regulating transcription by establishing and
maintainng chromatin loopgRemeseiro and Losada 2Q18ohesin can contain either SA1
or SA2, but not both. Mutation in any of these core proteins or their regulator genes can lead
to a variety of human diseases, grouped as cohesinapathtcancer. SA2 is frequently
found to be either mutated, depleted, or otherwise obstructed in t(KnorsKim et al.

2012 Taylor, Platt et al. 2004While other proteins such as sororin, Escol, and Esco2 are



43

requirement for proper chromosome segregation, theytplay a role in the loading or
unloading of the cohesin compl@{ou and Zou 2009Rankin, Ayad et al. 2005
Crystallography, electron microscopy, and biochemical assay based studies indicate that
cohesn binds to the DNA by a topologic embrggtaering, Lowe et al. 2002 ruber,

Haering et al. 20Q3Viurayama and Uhlmann 20L4ow cohesin binds to chromatin to

establish cohesion remains a controversial t@ahmidt, Brookes et al. 2009

4.2 Summary

Our paper on the DNA binding properties of cohesin protein SA2 is currently in
submission. The paper in its current form is available in the appendix. Below there will be a
brief summary of the paper.

Our group recently published results showing that the SA1 protein bound to ds DNA
by itself and displayed a weak affinity for telomeric portions of DNA. Yet the DNA binding
properties of SA2 are as of yet unknown. Using a combination of simgllecules stude
with Atomic Force Microscopy (AFM) and fluorescence imaging, we were able to show that
SA2 is also able to bind to ds DNA directhf=M scans were performed on DNA substrates
containing telomere regions, centromere regions, or random genomic seq8eg2ces.
showedno predilection for either telomeric or centromeric regions of DAA. initial
theory was that SA2 would have a similar binding mechanism to centromere DNA that SA1

showed for telomeric DNA, yet this was not the c&seorescence studies cadisut with
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the same DNA substrates indicated that SA2 had no change in diffusive behavior in the
presence of telomere, centromere, or genomic DNA sequences.

Curiously, our AFM resultssaw that SA2 showed a strong affinity for ends of DNA
regardless of theequence, length, or presence of overl{&igure3: SA2 does not show
binding preference for telomeric or contromeric DNA sequences, but recognizes DNA ends
Given thealternativeroles of cohesinoutside of cohesigrwe postuited that SA2 had an
affinity for regions of DNA damage. We tested the binding of SA2 to new DNA substrates
that contained either nicks or gaps using AFM. SA2 had no binding affinity towards a single
nick site, however severely nicked DNA did decreaseteeall end binding of the SA2
protein. Introduction of a single stranded region of DNA 37 base pairs long significantly
shifted the binding affinity of SA2. SA2 showed a significant affinity for the gapped region
of the gapped DNA in addition to strongdelbinding(Figure4: SA2 specifically binds to
ssDNA gapg. Fluorescence studies conducted with the ligated gapped DNA substrate
revealed periodic binding along the DNA tightrope at intervals corresponding to the DNA
length. SAZbinding to the gapped substrate was overwhelmingly static. There was a
significant difference in the diffusion constant and alpha fdoto8A2 on the gapped
substrate as compared to all other DNA substi@igsire5: SA2 switches between
searching and recognition modes on DNA tightropes containing ssDNA.gaps.

To conclude if SA2 exhibited a unique diffusive search mode along gapped DNA, we
used a 2 second sliding window analysis (see section 3.3 for more details) to exaatt ins

diffusion constants (i) for each mobile instance. Mobile SA2 on gapped DNA had a much
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higher predilection for extremely low valuesi{ 10* pm?#sec), corresponding to regions
where the SA2 encountered gap regions of ONi§ure6: Comparison of the distribution of
interval based diffusiononstants (Dint) for SA2 on different DNA tightropedJnlike SA1

on telomere DNA tightropes, SA2 showed no additional diffusive modes in the presence of
gapped DNAOur work has showthat SA2 is successfully able to bind to ds and ss DNA
independent of other proteins or cofactors and shows a high affinity for DNA ends and gaps.
Thus SA2 could act as a structural anchor for the cohesin complex to successfully bind to the
DNA.

Specificcontributions of co-authors: Parminder Kaur assisted in generating AFM images.
LabView code used to analyze macroscopic MSD values was created by Jiangguo Lin.
Dianwen Wang and Parminder Kaur assisted in protein purification and gel analysis.
Xuechun Wangssisted with protein position analysis on AFM data sets. Christian White
assisted with protein purificatioAll cohesin proteins were provided by Yizhi Jane Tao
Protocol for gapping DNA adapted from Ingrid Tessmer. Hong Wang designed the research.

All authors contributed to the interprédatand manuscript preparation.
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Figure3: SA2 does not show binding preference for telomeric or contromeric DNA

sequences, but recognizes DNA ends

(A) Three DNA substrates used for AFMaging. B-C) Representative AFM images of
SA2 on the centromeri®( Cenmid) or telomeric C) DNA substrates.[¥) Position

distributions of SA2 on DNA substrates containing telomeric (T270 N = 283), centromeric
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sequences close to one end (€ed, N = 2B), or in the middle (Cemid, N =298). Each

data set was from three independent experiments. The error bars represent SEM.
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Figure4: SA2 specifically binds to ssDNA gaps

(A) Generation of linear gapped DNA substrate. Gapge4 as created using puUC19
derived from pSCWO01 plasmid (2030 bp) that contains 4x Nt.BstNBI nicking sites. After
restriction digestion, the resulting ssDNA gap is 37 nt long and located 470 nt (23%) from
one end of the linear DNA fragmenB)(Representate AFM images of the full length SA2

complex binding to the linear gapped DNA substrate. The contour length of the linear gapped
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DNA was measured as E 622.48 + 41.3 nm(Q) Statistical analysis of the position

distribution of the full length SA2 complen the linear gapped (N = 251) and rgapped

(N =201) DNA, as well as full length SA1 on the gapped DNA substrate (N = 295). Each

data set was obtained from at least 2 independent experiments. The error bars represent SEM.

The solidline is Gaussian fito the data with the pealestered at 25.1% + 1.1%.
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Figure5: SA2 switches between searching and recognition modes on DNA tightropes

containing ssDNA gaps.

(A) Comparison of SA2 diffusion constants and alpha factors on dappa (N = 28),
ni cked & DNA (nN c=k e2d0 )a (aN d= n200n) DNA. Final S
0.5 nM in the flow cell. B) Kymographs of SA2 showing SA2 alternating betwedh 1

diffusion and stable binding on gapped DNA tightrop€3.Kercentages dime windows
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(40 frames or 2 s) withiRlessthan 10d i spl ayed by mobi |-gapp8dA2 on

control, centromeric, and telomeric DNA tightropes.
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Figure6: Comparison of the distribution of interval based diffustonstants (Dint) for SA2

on different DNA tightropes.
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CHAPTER 5: Functional interplay between SA1 andTRF1 in telomeric DNA binding
and DNA-DNA pairing
5.1 Background
Proper chromosome alignment and segregation during mitosis depends on cohesion

between sister chromatids. In vertebrates, the core cohesin complex consists of a tripartite
ring assembled bmcl, Smc3, Rad21, and either SA1 or $R8meseiro and Losada
2013. The cohesin complex is distributed along centromere and telomere regions of
chromosome arm@Vendt, Yoshida et al. 20p8Telomeres are nucleoprotein structures that
prevent the degradation or fusion of linear chromosome ends by preventing them from
activating the DNA damage response and destiiend DNA break repamechanisms
(Blackburn 2005Palm and de Lange 2008olohan, Wright et al. 2014.in, Kaur et al.
2014). Surprisingly, cohesin rings do not play a major role in sister telomere cohesion. This
role is replaced by SA1 and telomere binding proteins TRF1 ax#, hiowever the DNA
binding mechanism of SA1 and the unique telomere cohesion mechanism are poorly
understood. Using singlmolecule fluorescence, we discovered that SA1 displaystate
binding on DNA: searching via freell diffusion and recognition tbugh sub diffusive
sliding at telomere regionSA1 and TRFL1 together form longer DN2NA pairing tracts
than with TRF1 alone, as revealed by atomic force microscopy. These results suggest that at
telomeres cohesion relies on the molecular interplay legtWw&F1 and SA1 to promote
DNA-DNA pairing, while along chromosomal arms the core cohesin assembly might also

depend on SA1-D diffusion on DNA and sequence specific DNA binding.
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5.2 Summary

Recently we demonstrated that theddminal domain of SA1 (X2 AA, SAI-N)
binds to a DNA substrate containing telomere sequgiisist, Daniloski et al. 200)3To
understand the SAIDNA binding mechanism, we obtained fldingth His and Flagtagged
SAl proteins. We carried out binding of SA1 on a telomeric DNA substrate containing 270
TTAGGG repeats (T270, 5.4 kb) and a control substrate (3.8 kb) containing only the non
telomeric (@nomic) DNA sequences from T278FM imaging indicated that a higher
percentage (41.9%) of SA1 bound at the telomeric region on the T270 DNA substrate
compared to the same locations along the genomic DNA substrate (27.0%).

To understand how SA1 dynamilsehchieves DNA binding specificity for telomeric
sequences, we used oblique angle fluorescence microscopy imaginglab€&u proteins
on T270 DNA tightropes containing alternating telomeric and genomic regions (see previous
chapters or Materials and M@ds section of paper in appendix for more detail). The binding
of SA1-QDs molecules to DNA was long lived, with 78.5% (N=107) of the complexes
remaining on T270 tightropes after 2 minutes. SA1 on T270 DNA revealed two populations:
static and mobile. Whel some mobile SA1 molecules displayed frd@ diffusion on T270
DNA throughout the entire observation period (2 min), a subpopulation of mobile SA1
molecules alternated between periods of slow and fast diffusion. Some SA1 molecules
repeatedly slowed dowat the same regions along T270 DNA tightropes, manifested as

distinct peaks in a position histogram of SA1 along DNA. These distances were consistent
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with the boundaries of the telomeric region (1.6 kb) and the spacing between two adjacent
telomeric regios on T27(05.4 kb).

To further compare the dwell times of slow diffusion events displayed by mobile SA1
on different DNA substrates, | devel oped the
method to calculate a time interdahsed diffusion consta(Dint, bottom panels in Fig. 1C
and 1D). Distinct from static (< 0.5 X I®um?sec Figure7: Full lengh SAL1 alternates
between fast and slowD diffusion on T270 DNA tightrope&) and fast free diffusion
modes (> 10 um?/seq Figure7: Full lengh SA1 alternates between fast and slel 1
diffusion on T270 DNA tightropeB), this analysis indicated that mobile SA1 molecules
with fast and slow diffusion on T270 show a distinct peak at+im?sec(Figure7: Full
lengh SA1 alternates between fast and slei diffusion on T270 DNA tightrope§).

Therefog, for calculating dwell times on DNA tightropes we usagl Zalue of 5.0 X 16
um?/secas the threshold tiolentify slow diffusion events. ThisiPbased analysis showed

that the dwell times of individual SA1 slow diffusion events on T270 (1.17 s) are
significantly (p < 0.05) longer than on genomic (0.80 s) and centromeric (0.79 s) DNA. The
percentage of molei SA1 molecules showing long slow diffusion events:(®5.0 X 163
um?/sec for longer than 2.2 s) on T270 DNA (51.2%) was at lefstizhigher than on

genomic (17.6%) or centromeric DNA (24.1%). SA1 spent a significantly larger percentage
of time (244%) in the slow diffusion mode on T270 DNA than on genomic (3.2%) and
centromeric DNA (6.3%)SA1 also displayed significantly (p < 0.005) slower diffusion

constants on T270 DN0.04+ 0.01um?/sec) in comparison with DNA substrates contain
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genomic (0.14t 0.03um?%/'sec) or centromeric (0.1.0.02um?/sec) DNA sequences.
Additionally the alpha factor for SA1 on T270 was significantly smaller than on genomic
DNA, which suggests protein pausing amid free diffusion at telomere sequences.

SA1 contains a unige AT-hook motif at its Nterminal domain which is not present
on SA2(Bisht, Daniloski et al. 2093 To determine whethar not SA1 slow diffusion
events depend on its uniquet&minal domain, we purified SUM@&gged SA1 Nerminal
fragment (SAIN). Analysis of the binding position of SAY from AFM images revealed
that SAZN binds specifically to telomere regior@3onsiséent with results from AFM
imaging, incubation of SAN-QDs with T270 DNA tightropes resulted in substantial DNA
binding. A significantly higher percentage of SAImolecules (74.3%) showed slow
diffusion events (dwell time > 2.2 s) on T270 DNA than on gaodNA (38.6%).

SALl interacts directly with TRF1 through itstBrminal domair{Canudas,
Houghtaling et al. 2007 To evaluate how TRF1 affects the dynamitSAl on DNA, we
directly images their interactions. Fi&A1 and HisTRF1 proteins were orthogonally
conjugated with red AQDs and green SAQDs via antibody sandwich afétris-NTA
linkage strategies respectively. A higher population of-dofdred SAITRF1-QD
complexes (~60%) were static than sirgidored SA1QD alone (~35%) on T270 DNA
tightropes. SAITRF1 complexes exhibited significantly reduced diffusion ranges compared
to SA1 alone. Furthermore, the distance betweenahlat QD labeled SAITRFL
complexes and green QBbeled TRF1 was consistent with that of SFRF1 complexes

binding to telomeric regions.
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Consistent with previous results, we observed that TRF1 molecules formed protein
tracts that mediate DN®NA pairing on T270 DNAGriffith, Bianchi et al. 1998 In the
presence of both TRF1 and SA1 the average-BRE1 mediated DNADNA pairing tract
length increased significantly. The location of SALTRFEmediated DNADNA pairing
tracts was random.

Specific contributions provided by the author | created and implemented the code used
for analyzing all dwell time andif) measurements for SA1 and TRF1 proteins and their
corresponding mutants or fragnis. Figures included in this dissertation from the published
work are direct contributions from the authBkamples of [ vs. time plotor group G

histograms can be seen in figures frdns chapter.
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Figure7: Full lengh SA1 alternates between fast and slef diffusion on T270 DNA

tightropes.

(A) Ligated T270 DNA substrate (top panel) and the DNA tightrope assay setup (bottom left
panel). B-D) Dynamics of full length Fla@&Al on T270 DNA tightropes. Kymographs of

SA1 molecules being stati8), showing free D diffusion (C), and alternating between fast

and slow 1D diffusion (D) on T270 DNA. Scale bars-gxis): 1 um. Equimolar

concentrations of red (655 nm) and green (565 nm) QDs were used in SA1 conjugation. The

bottom panels in C and D show corresponding plots of diffusion constagjdé3ed on the
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40-frame sliding window (2 s) MSD analysis. Each frame is 50 ms. Theghastoon the
right side of the top panel in D shows the position distribution of SA1 alen@270 DNA
tightrope. E) The distribution of patwise distance between nearest SA1 slow diffusion

position (N = 22).
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Figure8: Comparison of the distributions of interval based diffusion constants (Dint) for SA1

TRF1.

(A-C) Distributions of Gxt for individual SA1 molecules on T270 DNA tightropes with static
(A, kymograph in Fig. 1B), free diffusiol( kymograph in Fig. 1C), and alternation

between fast and slowD diffusion (C, kymograph in Fig. 1D). The SA1 moleculggh
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alternation between fast and slow diffusion show a distinct peak at ~1.6 @nisec. D-

F) Distributions of Gi for all mobile SA1 molecules observed on T2E0), (@enomic E),
and centromericH) DNA tightropes. On T270 DNA, SA1 moleclues altémbetween fast
and slow diffusion with 46% of R values less than FQum?/sec. In comparsion, on
genomic and centromeric DNA fast diffusion dominates with only 25% and 18%:of D
values less than Fum?/sec, respectivelyQ@) The distribution of B for all (N = 29)
mobile TRF1 moleclues on T270 reported in a previous giudy Countryman et al. 2034
On T270 DNA, the majority (84%) of TRFLdpvalues areonsistent with slow diffusion (<

102 um?#/sec).



62

CHAPTER 6: Telomere maintenance pathway

6.1 Introduction to telomeres

Telomeres play important roles in maintaining the stability of linear chromodqaoimes
Lange 2002Cech 2004Blackburn 2005de Large 2005 Sfeir 2013. The telomeric
structure allows a cell to distinguish between natural chromosome ends andsimariied
DNA breaks. As such, telomeres prevent the inappropriate activation ofdaiage
signaling pathways, which can lead to cell cycle arrest, senescence, or apoptosis
(Smogorzewska and de Lange 20QA4ss of telomere function can activate DNA repair
processes, leading to nucleolytic degradation of natural chromosome ends -tm reehd
fusions. Telomere dysfunction and associatedmosomal abnormalities have been strongly
associated with agassociated degenerative diseases and c@negght and Shay 2090
Maser and DePinho 20PZGreat progress has been made in the last 20 years in
understanding telomere biology in model systems, including ciliates, geasbdphilg
plants, and moudg&iraudPanis, Pisano et al. 201CGwis and Wuttke 2012Vellinger and
Zakian 2012.

In a typical human somatic cell, the length of tandem repeats of telomeric DNA
TTAGGGis~215 kb with a 320 m(Makardv,alimoge ebaf. 19971 0 0
Wright and Shay 2000 T haverharg 8erves as a substrate for the reverse transcriptase
telomerase, which replicates the telomeric sequence by using an internal RNA subunit as a

template to direct DNA sythesig(Cech 2004Blackburn 2005Nandakumar an@ech
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2013. A specialized protein complex, called shelterin or telosome, binds to and protects
telomeres at chromosome erfiferdun and Karlseder 20R7n humans, this complex
consists of six core proteins: duplex T-T3GG repeat binding factdr (TRF1) and2
(TRF2), the singlestranded telomeric DNA binding protein protection of teloméres
(POT1), TRFZinteracting nuclear protein 2 (TIN2), POTdnd TIN2organizing protein
(TPP1), and transcriptional repressor/activator protein R@Rth 2004Songyang and Liu
2006 Verdun and Karlseder 20p7The RPAlike CTC1-STNI-TEN1 complex binds to
ssDNA and protects telomeres independently of the POdtgipr and acts as a terminator of
telomeraséMiyake, Nakamura et al. 200€hen, Redon et al. 20LZSheltein proteins
interact with numerous protein factors, including proteins involved in DNA recombination
and repair, such as ERC&XPF, WRN, BLM, and DNAPK (Zhu, Niedenhofer et al. 2003
Opresko, Otterlei et al. 200¥erdun and Karlseder 200Bombarde, Bop et al. 201).
Adding to the complexity of telomere structures, telomeric repesatiaining RNA (TERRA)
was identified as an integral part of telomeric heterochronflatike and Lingner 20Q9
Feuerhahn, Iglesias et al. 201TERRA is associated with TRF2 and a large number of
RNA-binding proteins, and is implicated in telomere structural maintenance and
heterochromatin formatio(Deng, Norseen et al. 200%pez de Silanes, Stagno d'Alcontres
et al. 2010.

Telomeres can adopt different types of open or closed (capped) conformation.
Telomeric DNA from humans, as well as from several other organisms, can be arranged into

Tl oops, in which the 306 o wstrantied regofQriffitt, a d e s

t

h e
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Comeau et al. 199%urti and Prescott 199%1unozJordan, Cross et al. 2002esare,

Quinney et al. 2003.uke-Glaser, Poschke et al. 2Q1Zelomeres can be maintained by the
recombinatiordependent alternative lengthening of telomeres (ALT) pathway in telornerase
negative tumors. The ALT pathway is accompanied by the generation of duplex or single
stranded DNA circles formed from telomeric repeat sequeno@sl@s)(Tomaska, Nosek et

al. 2009. G-rich sequences have been shown to form discretestoamded structures termed
G-quadruplexe vitro (Fry 2007. Studies using an engineered, structpecific G

guadruplex antibody provided evidence thagj@druplex DNA exists itelomeresn vivo
(Maizels 2006Biffi, Tannahill et al. 2013Lam, Beraldi et al. 20)3Stable Gquadruplex

DNA plays important roles in the regulation of telomere extension and organization, as well
as pairing of homologous chromoson(Esy 2007%.

TRF1 and TRF2 share 30% homology, bind to duplex telomeric DNA with high
affinity, and are essential for the maintenance of functional telor(@oest, Chapman et al.
2005. Together with tankyrase, TRF1 functions as a negative reguaiatelomere length:
overexpression of TRF1 leads to telomere shortefviaig Steensel and de Lange 1p97
TRF1 promotes efficient replication of TTAGGG repeats and prevents replication fork
stalling at telomeregSfeir, Kosiyatrakul et al. 2009TRF2 isalso involved in telomere
length regulatiofSmogorzewska, van Steensel et al. 2080d is crucial in capping and
protecting chromosome en@ncelin, Brun et al. 1998le Lange 2002 Removal of TRF2
from the telomeres | eads to |l oss amd the 360

induction of ATM and p53 dependent apopt@san Steensel, Smogorzewska et al. 1998
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Karlseder Broccoli et al. 1999 Overexpression of TRF2 in telomerasegative cells
prevents short telomeres from fusing and delays the onset sengs@n8éeensel,
Smogorzews& et al. 1998 Furthermore, TRF2 plays important roles in the assembly of
telomeric chromatiriBenetti, Schoeftner et al. 2008mportantly, postranslational
modification of TRF1 and TRF2 regulate their functions, including DNA binding,
dimerization, localization, degradation, and interactions with gtreeins(\Walker and Zhu
2012. In addition, several groupsie reported DNA binding and gene regulation functions
for both TRF1 and TRF2 proteins outside of teloméBeadshaw, Stavropoulos et al. 2005
Fouche, Cesare et al. 2Q06a0, Seluanov et al. 200Zhang, Pazin et al. 2008imonet,
Zaragosi et al. 201¥ang, Xiong et al. 201,Bosco and de Lange 2012

Both TRF1 and TRF2 contain a TRFH domain thatimges homodimerization and a
C-terminal Myb type domain that mediates sequespeific binding to telomeric DNA
(Court, Chapman et al. 2009n both proteins, the DNA binding domain and the
dimerization domain are joined together by long linkers (~100 amino acids in TRF1 and 150
amino acids in TRF2). The dimerization domains from human T&REITRF2 have the
s a m<elidal architectur¢Fairall, Chapman et al. 200However, TRF1 and TRF2
dimerization interfaces feature unique interactions theatgnt heterodimerization. Solution
structures of Myb domains of TRF1 and TRF2 bound to DNA with the sequence
GTTAGGGTTAGGG show that both proteins recognize the central AGGGTT sequence
through both hydrophilic and hydrophobic interactions between theipraind DNA

(Hanaoka, Nagadoi et al. 2003 he DNA binding domain of TRF2 has ~fefmld weaker
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DNA binding activty than that of TRF1 (equilibrium constants K50 nM vs 200 nM
respectively). A single amino acid change (lysine on TRF2 to arginine on TRF1) is the main
contributor to this difference in binding affinity.

The binding of TRF1 and TRF2 to telomeric DNAshHzeen studied using EM and
AFM (Griffith, Bianchi et al. 1998Bianchi, Stansel et al. 1998riffith, Comeau et al. 1999
Stansel, de Lange et al. 200bshimura, Maruyama et al. 2004miard, Doudeau et al.
2007). TRF1 was observed as a dimer or a tetramer, while TRF2 was observed as a dimer on
DNA in the EM micrograph#§Griffith, Bianchi et al. 1998Bianchi, Stansel et al. 1999
Griffith, Comeau et al. 1999TRF1 has extreme spatial flbxity and can induce DNA
looping by binding to two distant hagites(Bianchi, Stansel et al. 1999n addition, TRF1
forms protein filaments on longer telomeri;e p e at s ( &d @domotesparadlel t s )
pairing of telomeric tractgGriffith, Bianchi et al. 1998 This activity may play important
roles in promoting floop formation (in conjunction with TRF2) and sister telomere
associations (in conjunction with SA@isht, Daniloski et al. 203). In vitro, TRF2 can
remodel linear telomeric DNA into-bops(Stansel, de Lange et al. 200¥bshmura,
Maruyama et al. 2004and displays domain B dependent binding to DNA junctions at
replication forks and the center of Holliday junctigfsuche, Cesaret al. 200§. Recent
evidence suggested that TRF2 condenses DNA and generates positive supercoiling on DNA,
thereby favoring strand invasi¢Amiard, Doudeau et al. 2007The DNA condensation
activity is from the TRFH domain. Unlike TRF2, TRF1 alone lacks the abilitpihalense

DNA due to the repression by its acidic dom@oulet, Pisano et al. 200lZRF2 can
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simultaneously bind to TERRA and telomerieq@adruplex DNA(BIffi, Tannahill et al.
2012, and a TERRAike RNA molecule greatly reduces its ability to condense DNA
(Poulet, Pisano et al. 20112

TRF1 and TRF2 are the only shelterin proteins that bind to duplex telom¢Ac D
with high affinity. Dynamic movements on DNA, such adeimensional (D) sliding
(translocating while maintaining continuous DNA contact), jumping and hopping
(microscopic dissociation and rebinding events), are essential for a protein to achieve its
function inside cells where nonspecific DNA is in vast excess and bound by histones and
other proteingBerg, Winter et al. 198¥on Hippel and Berg 198%orman and Greene
2008 Tafvizi, Mirny et al. 201} How TRF1 and TRF2 find their cognate sites pratein
partners to form the shelterin complex, and regulate the functions of proteins involved in

DNA repair and celtycle progression are not fully understdqde Lange 2010

6.2 Summary

Here we used singlmolecules fluorescence imaging to study the dynamics of
guantum dot (QD) | abeled TRF1 and TRF2 prote
containing alternatig telomeric and netelomeric sequence$o determine whether TRF1
and TRF2 slide or hop, we evaluated the effect of ionic conditions on the dynamic
interactions between the QD labeled TRF proteins and DNA. TRF1 appears to bind directly
to telomeric sequeares with very little 1D searching through netelomeric DNA, whereas

TRF2 possesses a significant componentDfdearch. Increasing the salt concentration
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should not affect the diffusion constants of a sliding process, but should elevate the diffusion
constants of hoppin{Berg, Winter et al. 19§ KomazinMeredith, Mirchev et al. 2008
Gorman, Fazio et al. 20L.0Nhile TRF1 followed a trend of decreasing diffusion constants
as the i1 onic strength increased, TRF2 was
and showed no change in diffusion constant. TRF1 also shoslgghet ncr eas e i n
factorpropational to the ionic strength, while TRF2 did not show any significant variation
with ionic strength, suggesting an unbiased random walk. Additionally, both TRF1 and TRF2
bound to the ligated T270 DNA tightropes with regular spacing. For both TRF1 and TRF2
the distribution of the distances between nearegghbor binding fit well to the sum of two
Gaussian distribution functions centered at ~1.6 and 3.2 pm (consistent with the expected
spacing of the telomeric regions

We also examined how far single raoliles of TRF1 and TRF2 could slide on the
ligated nortelomeric DNA versus ligated T270 DNA. TRF1 and TRF2 displayed distinct
diffusion ranges on telomeric DNA, but not on riefomeric DNA. The diffusion range was
invariant across all time windows (~100 s), ruling out the possibility that the short range
diffusion observed was due to shorter video lengths. Instead, this finding suggests that once
the molecules are within a telomeric region, they tend to remain there. We explored the
possibility that sbrt range diffusion was caused by multiple proteins binding to the same
telomeric region and restrictingl2 sliding. However at lower TRF2 concentration, the short
diffusion range did not change. We noted that in many cases TRF proteins binding to

telomee repeats would be confined to diffuse due to the higher affinity for telomeric

t

hi

he
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sequences. To ensure that this confinement would not artificially reduce the apparent
diffusion constant, | designed aDLdiffusion of proteins on a linear DNA lattice of united
length versus a 1.6 kb total length, which mimics the (TTAG&®@3gion.These
simulations revealed that confinement within 1.6 kb DNA does not significantly reduce the
observed diffusion constant at the (TTAGGfgjegion(Figure10: Computer simulations of
diffusion by modeling random walk of proteins on-8® DNA lattice using PythotY'
programming language.In addition, camera based tirageraging was not a major
contributor to the observed slower diffusion constantseatelomeric region under these
experimental conditions.
Using a truncation mutant, we localized thi® kearching actity to the basic
domain of TRF2. The basic domain at théeXminus of TRF2 permits its binding to model
replication forks and fouway junctions independent of telomere sequefieesche, Cesare
et al. 2008. In addition, the absence of this domain leads to a diminishetyafiif RF2 to
localize to model telomere ends and to facilitatlddp formation(Fouche, Cesare et al.
2006. Wepurified and imaged a basic domain deletion mutant of TRF2 (G682 o n @&
DNA and the | igated T270. CoQ@Oshadalkighearo f ul I I
specificity for the telomeric sequences on T270 DNA substrate and lower affinity to DNA
ends(Figurelk: Dy nami cs eXDsTRPmM2pEB DNA and t)he | igatec
Interestingly, the diffusion constant {9+ 1.8X 10?2um% s ec) an ®d340D.04aict or ( C
TRF2@pB on & DNA were not significaonTA di ffe

DNA, the majority of nmdwitha dffusioRrargeeBnsigtentd %) wa s
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with |l ength of the telomeric region on T270
associates with telomeric DNA from solution and not by diffusion from atelomeric
region. The dynamics o0 bpragBiwems8milarvoehose offuk ( T T A
length TRF2, with a similar diffusion range4@.+ 0.03um) and diffusion constant (0.27
0.01 x 1 um?#sec at 125 mM NacCl and 0.26).01 x 1¢* um?sec at 225 mM NacCl).
These observations suggest that the basitagdoof TRF2 normally facilitates its search
on nontelomeric DNA. The reduced degree of TRF2 localization to the telomeric region due
to deletion of the basic domain demonstrates the importanc® afiffusion in the TRF2
telomeric target site search
On telomeric DNA both TRF1 and TRF2 diffuse slowly due to higher energy barriers
to diffusion; and they possess longer attached lifetimes at telomeric repeats compared to non
telomeric DNA sequence$hese observations indicate that there is preferdtiding to
telomeric DNA but the affinity is not high enough to prevent TRF proteins from diffusing
along TTAGGG repeats. We postulate that this allows TRF1 and TRF2 to find their protein
partners locally, and that this is a more general mechanism fplingthe energy from
multiple weak DNA binding components to ensure high binding specificity on long repetitive
sequences.
Specific contributions of the author. | performed a variety of both AFM and TIRF
experiments for the TRF1 and TRF2 proteins, incigdhe data analysis. | performed all
TIRF experiments for the TRF2pBaspeaxeruteelthe and

protein purification for TRF1 and TRF2 proteins used for the experiments. Finally, | created
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a custom Python script to expéothe impact of frame rate and hard scattering barriers on

simulated TRF1 and TRF2 molecules diffusing or2 DNA lattice.
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Figure9: TRF1 and TRF2 strike a balance between target search and specificity.

(A) TRF1 and TRF2 canndertake a-D search on DNA consistent with rotatiooupled
diffusion along the DNA helix. The small ovals represent the basic and acidic domains of
TRF1 and TRF2. The blue and purple lines representelomeric and telomeric DNA,
respectively. TRFtelies moreon® search and the majority
the telomeric region directly from solution, forgoing th® Tomponent of the search)(

The energy landscape along the positions at telomeric antelooneric sequences. The
diffusion constant and lifetime measurements are consistent witlB-2KsT higher energy

barriers to diffusion at the telomeric sequences in comparison wittef@mneric sequences.

of
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The additional energy barrier at the Atomeric and telomeric junction regzents the
activation energy needed for conformational change/DNA binding domain switching on

proteins to achieve specific binding.
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Figure1l0: Computer simulations of diffusion by modeling random walk of proteins eBa 1

lema [sac]d

DNA lattice using Pytho®' programming language.

The diffusion constants used for simulation were that of TRE2s

the telomeric DNAB) at 125

mM

on A aridNM

onic strength. A

example of a trajectory of a protdinsert) are presented for (le&k) DNA with unlimited

(

pl ot

length and (rightA) DNA with 1.6 kb length at 1460436 steps/s stepping rate (corresponding
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to TRF2QDs on & DNA). A plot for MSD vs ot and
(insert) are alspresented for (lefB) DNA with unlimited length and (righB) DNA with

1.6 kb length at 46713 steps/s (corresponding to the rate of-QRBZat the telomeric

region). The fitting parameters were constructed such that only the initial linear porten of t

MSD vs. ot plots were used for calculating t
confinement, a protein walks along -®IDNA lattice with two totally reflecting barriers.

The numbers in each plot are the mean and standard deviation of the sirdatatelhe

number of particles simulated for each case is indicated in the parenthesis.
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proteitQDs on DNA, ~@D6Bound ® Ehe tgidneric regions (35% to 50%
from DNA ends) . Ky-@bg r @amp hBy arid tthéligged T2 08.

The scale bar is 1 um. Prote@D-DNA reactions were carried out at 125imstrength. D)



77

Di ffusion range dQbBbsrobudi ODNA OWhITRE 2lp&r s, n
T270 DNA (striped bars, n = 30). The binding
significantly lower as indicated by lower average numbefis BfF 2-@Bs on DNA in the

field of view (1.4 + 0.2 vs 13.3 £ 2.2) and lower average numbers of pi@i@son DNA

tightropes between two beads (1.1 £ 0.1 vs 3.8 = 0.3). Dual color QD labeling confirmed that
TRF2@®B can form di mer sspegies, bbtiatg Bignificardly laverr ol i g o
percent (14%) compared with the full length protein (79%). The fraction of motile protein

DNA compl exes decreased from 95% for full | e

125 mM NaCl and from 89% to 74% (n = 2325 mM ionic strength.
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Conclusion

In this thesis, we have examined the role of proteins involvedtmthe shelterirand
cohesin compleasinteracting with DNA sibstrates using singl@oleculetechniques of
AFM and TIRF. Atomic force microscopy allogeis to achieve highesolution imaging of
static protein/DNA complexes. We were able to determine the affinity of proteins to specific
DNA sequences atructuresthrough position analysis of the protein along the DMA
also determined the size of th@eins, either on the surfacelmyund to the DNA, through
volume analysis curve calibratioAFM analysis allowed us to evaluate gh®tein/quantum
dotratio after quantundot conjugation, as well as the protein affinity once the quantum dots
had keen conjugated. Fluorescence methods allowed us to observe dynamic interactions of
proteins with various DNA substrates to locate their target sequence or structure on DNA.
We mapped the nearest neighbor spacing of static proteins along ligated DNAaghtro
verify consistent behavior of proteins in the presence of a specific DNA sequence or
structure Rare events, such as bypass events ottirmalassembly of higher order
oligomers, were also recorded. Through data analysis we extracted the diffusstents
and alpha factarof individual protein diffusion tracks along the DNA. A separate sliding
window method of analysis illuminated local diffusive modes lost in temporally long
diffusion data setsThese singlanolecule techniquesnd their data analigsmethods
allowedfor the isolation and idetfication of individual proteirbehavior in order to provide

insight into themechanicsf the entire protein complex.
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A detailed introduction of the principals governing atomic force microscopy are
presentedn chapter 1A detailed introduction concerning the basics of fluorescence
microscopy techniques used for this dissertation are discussed in chapter 2. Chapter 3
contains information about the methods of data analysis used to improved resolution of
fluorescence imaging as well as extracting the diffusion values from fluorescence data.

Chapter 4 summarized the work done on the TRF1 and TRF2 shelterin proteins.
TRF1 and TRF2 are only 2 of the 6 proteins in the shelterin complex, yet they are the only
protens that bind directly to ds telomeric DNXA/e found that TRF1 and TRF2 bind directly
to duplex ds DNA and diffuse along the DNA backbone in order to locate telomeric regions
of DNA. Diffusion constants from our experiments were consistent with 1D diffusion
following the rotational tracking of the DNA helikew bypass events were observed,
indicating that TRF1 and TRF2 both follow the helical path of DNA and are thus unable to
bypass other obstacles along laekboneTRF2 mutants lacking the basic domwaiere
overwhelminglyrestricted to telomeric regions of DNA, indicating that they bound directly
to the telomeric regions from the solutidiRF2diffusesfaster than TRF1 at nontelomeric
sequences. TRF1 diffusion values had a higher dependence on safitations, suggesting
additional interactions besidé#sse which arelectrostatienediated. Both TRF1 and TRF2
showed significantly slower diffusion rates on telomere DNA substrates. Given the stability
of TRF1 and TRF2 at the telomere regions, we proposedhinaiffusion of TRF1 and
TRF2in vivoallow for the location ofhe telomere region as well as additional protein

partners, such as the TREN2 complex, resulting in stable shelterin complexes. Future
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work could include the diffusion analysis of additional &#réh proteins, such as Tin2,dn
their effect on eithebinding affinity of the TRF proteins at telomeric regions of DNA. DNA
bound obstacles such as histones and other DNA binding proteins would correspond to a
decrease in long range assemblytabke shelterin molecules, which could also be tested in
the future.The shelterin complex needs to be able to locate telomeric regions in order to
protect DNA. Thus it is essential to gain as much of an understanding of the TRF proteins
that serve as theNA scaffolding for the shelterin complex.

Chapter 5 summarized the work done on the SA1 cohesin protein and its interactions
with the shelterin protein TRF1. We used single molecule techniques to examine the binding
affinity of SA1 to telomeric regionsf@NA and how the presence of TRF1 modulates this
affinity. Consistent with SA1n vivo, SA1 diffused across both telomeric and {t@lomeric
regions of DNA. However SA1 exhiletia reduced diffusion constant on regions of DNA
containing telomeric sequencesd sliding window analysis of the diffusion in these regions
showed a unique diffusive mode present onlglminhere regions. SA1 contains Am-hook
motif that has been identified in other proteins involved in modulating chromatin structure.
SA1 fragmeh SA1-N containing arAT-hook domain displayed slow diffusion events on
telomeric regions of DNA, indicating that the Aibok is partially responsible for the unique
diffusive mode. Adualstate model is a reasonable mecharfmnobserved slow and fast
diffusive events along DNA. Future experiments could test the dual state diffusive behavior
of SA1-DNA interactiondn vivo. TRF1 vastly increases the affinity of SA1 for telomeric

regions of DNA. Additionally AFM imaging showed an increase in track lerggthdtion,
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or local DNA pairing, for SA1+TRF1 over either singular protein. Future work could include

the study of other shelterin proteins, such as Tin2, that impact the affinity eT BRX:

DNA complexes or their ability to mediate sister chromatid caimegia DNA pairing. Our

results highlight how the affinity of SA1 and TRF1 for telomeric regions of DNA can serve

as a mechanism to promote sister chromatid cohesion independent of the cohesin complex.
Chapter 6 summarized the work done on the SA2 colpestain and its sequence

independent affinity for DNA ends and gaj¢e observed that SA2 carries did diffusion

on DNA substrates independent of the sequence. SA2 was more likely to be static on DNA

tightropes containing gapped regions of DNA, and @¢@liernate between static and

diffusive binding modes. In agreement with our AFM data, SA2 formed himlcler

complexes while diffusing along DNA, indicating a positive cooperativity that could be

testedn vivo. SA2 was also able to bypass barriers &iARQightropes, including both static

and dynamic SA2, indicating that SA2 can either undergo short hopping or does not trace the

helical backbone of DNA. Future work could analyze the bypass rate as a function of salt

concentration to monitor the increaseéhopping of SA2. Like SA1, SA2 has multiple roles

that are independent of the cohesin compiekcan be illuminated through singheolecule

methods. Here we described the ability of SA2 to bind directly to DNA, and its high affinity

for DNA ends and ggped DNA.Future work includes testing tipeesence and role of SA2

during DNA replication where lagging strand synthesis offers an example of DNA gaps

occurring.Additionally if SA2 is present at DNA ends to prevent end joining or indicate

DNA damage, moreroteins must be involved to remove SA2 and repair the damage. All of
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this machinery needs to be studied and identified to corroborate the model of SA2 serving as
an assistant in double strand break repair. Overall the function of SA2 independent of other
cohesin proteins has been illuminated here, revealing a protein that may have a role in double

strand break repair as well as DNA synthesis.
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The cohesin complex plays crucial roles in diverse genome maintenance pathways. In
vertebrates, the core cohesin complex consists of a tripartite ring assembled by Smc1,
Smc3, Rad21 and the stromal antigen subunit (SA), SA1 or SA2. Mutations in core
cohesin subunits or their regulatory factors lead to a variety of human diseases, known
as cohesinopathies, and cancers. The most frequently mutated cohesin subunit in
tumors is SA2. Recently, we discovered that SA1 binds to dsDNA and displays weak
specificities for telomeric sequences. However, DNA binding properties of SA2, which
underlie its functions in diverse biological pathways, are unknown. Here, using single-
molecule atomic force and fluorescence microscopy imaging as well as fluorescence
anisotropy, we establish that SA2 binds to both dsDNA and ssDNA, albeit with a higher
binding affinity for ssDNA. While SA1 does not specifically bind to either centromeric or
telomeric DNA, it recognizes DNA ends and ssDNA gaps with high specificities. While
SA2 by itself mainly exists as monomers in solution, it forms higher order oligomers on
DNA, and can switch from 1D unbiased diffusion (searching) to stable binding
(recognition) at ssDNA gaps. Importantly, this study uncovers a hew role for SA2 as a
cohesin anchoring protein that stabilizes it at specific DNA structures including DNA

ends and ssDNA gaps.



In eukaryotes, proper chromosome alignment and segregation during mitosis depend on
cohesion between sister chromatids (1-3). Cohesion is mediated by the cohesin complex, which
also plays important roles in diverse biological processes including double-strand DNA repair,
re-start of stalled replication forks and maintenance of 3-D chromatin organization (4,5). In
vertebrates, cohesin consists of heterodimeric ATPases SMC1 and SMC3, a kleisin subunit
Rad21 (also known as Scc1) and stromal antigen subunit (SA) SA1 (STAG1) or SA2 (STAG2)
(3). Electron microscopy, crystallography, and biochemical assay based studies support the
notion that cohesin binds to DNA by topological embrace (6-9). The N- and C- termini of SMC
proteins fold back on themselves, forming anti-parallel coiled-coils with one half of an ABC-type
ATPase head on one end and a dimerization domain at the other (7,10). The hinge domains of
SMC1 and SMC3 dimerize, while RAD21 stabilizes the two SMC ATPase heads forming the
cohesin tripartite ring. RAD21 also interacts with SA1/SA2 (11). SA1 and SA2 share 70%
sequence homology, and exist in separate cohesin complexes, with SA2 being more abundant
than SA1 (12-14). Cohesin loading onto DNA depends on ATP hydrolysis by the SMC heads
and is promoted by the cohesin loader complex (9,15-17). In addition to the core cohesin
subunits, several cohesin regulatory factors have been discovered that play important roles in
the loading, stability, and cleavage of cohesin during different phases of the cell cycle (18-24).

Germline mutations in core cohesin subunits or their regulatory genes are associated
with a spectrum of human diseases collectively called “cohesinopathies” and an increased
incidence of cancer (4,25,26). Somatic mutations of the SA2 gene and loss of SA2 protein
expression have been reported in multiple cancer cell lines including urothelial bladder
carcinomas, Ewing’s sarcomas glioblastomas, and malignant melanomas (25). Importantly,
targeted inactivation of SA2 in a human cell line with a stable karyotype leads to chromosomal
instability and aneuploidy (27).

Despite great progress made since the discovery of the cohesin complex, many
fundamental questicns regarding the structure and assembly of cohesin remain unanswered
(28,29). This includes how cohesin binds to chromatin to establish sister chromatid cohesion
(30). Previous observations support the notion that cohesin can exist in two chromatin bound
states, being either cohesive or noncohesive for tethering sister chromatids (28). It is not fully
understood why cohesin loading onto chromatin (in a non-cohesive state) is necessary, but not
sufficient to tether sister chromatids (in a cohesive state) (28). Various models including one
ring, twin-ring handcuffs, bracelet oligomers, and C-clamps, have been proposed for cohesin

assembly on DNA (8,22,29,31-37). It is known that establishment of sister chromatid cohesion
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in the S phase requires acetylation of SMC3 by the cohesin acetyltransferases ESCO1/ESCO2
as well as binding of CDCAS5 (Sororin) (38-40). Several previous studies also support a DNA
replication coupled cohesion model. These studies identified the association of cohesion
establishment factors (Eco1/ctf7p in S. cerevisiae) with DNA replication machineries (RFC
clamp loader complex and DNA helicases) as the molecular interactions driving the cohesive
state (28,30,39,41-47). However, these models have not taken into consideration that SA2 plays
important roles both in loading and unloading of cohesin from chromatin. It is known that SA2
phosphorylation by the polo-like kinase 1 (PIk1) leads to the removal of cohesin from chromatin
(48).

In addition, how cohesin DNA binding is spatially controlled along the genome is poorly
understood. In budding and fission yeast, outside the high density binding region around each
centromere, the low density binding occurs at cohesin-associated regions (CARs) (49-51). In
fission yeast, cohesin is detected in regions of strong transcription activity and responds to
transcription by downstream translocation and accumulation at convergent transcriptional
terminators (52,53). Furthermore, DNA double-strand break (DSB) induction leads to
establishment of sister chromatid cohesion in the G2 phase, which facilitates the DNA repair
process (54-58). It is thought that following the induction of DSBs, cohesin is recruited to the
region surrounding the DSB as well as genome wide through the DNA damage response
pathway and chromatin remodeling (59,60). This process is facilitated by cohesin regulators
(54,59-62). Recently, it was shown that cohesin suppresses the end joining of distal DNA
double-strand breaks, but not close ones (63). Recently, it was also found that S. pombe
cohesin can bypass DNA-bound proteins (with diameters of ~10.6 nm) (64). In addition, the S.
pombe cohesin ring is able to slide on DNA with a diffusion constant approaching the theoretical
limit for free 1-D diffusion and fall off from free DNA ends (64). These observations raise an
important question: how does the cohesin complex promote stable cohesion during DNA DSB
repair without sliding off from DNA ends? Furthermore, SA1 and SA2 have differential roles
during DSB repair, as well as during sister chromatid cohesion at telomeres and centromeres
(65,66). Specifically, depletion of SA2, but not SA1, significantly decreases homologous
recombination repair and affects the repair pathway choice (67). While SA2 is important for
cohesion at the centromere, SA1 is enriched at telomeres and plays a major role in sister
telomere cohesion in a cohesin ring-independent manner (65,66).

As the exact function of SA1/SA2 remains elusive, understanding SA2 function at the
single-molecular level is crucial to uncover the mechanisms underlying the function of cohesin in

diverse biological pathways. Recently, we discovered that SA1 binds to dsDNA and shows



weak specificity for telomeric sequences (68). These new results raise an important question as
to whether or not SA2 specifically recognizes unique DNA sequences and/or structures. To
address this question, we applied fluorescence anisotropy and two complementary single-
molecule imaging techniques, atomic force microscopy (AFM) and fluorescence imaging of
quantum dot- (QD-) labeled proteins, to investigate the binding of SA2 to specific DNA
sequences (centromeric or telomeric) and structures (nick, ssDNA gap and end). We discovered
that SA2 binds to both ss- and dsDNA, albeit with a higher binding affinity for ssDNA. AFM
imaging reveals that SA2 displays high binding specificity for both DNA ends and ssDNA gaps.
In contrast to SA1 (68), the 1-D diffusion dynamics of SA2 on DNA is sequence independent.
Strikingly, SA2 can switch between two DNA binding modes in one binding event: searching
through unbiased 1-D diffusion on dsDNA and recognition through stable binding at ssDNA
gaps. Importantly, these results strongly suggest a new model for cohesin assembly that takes
into consideration SA2 1-D diffusion on DNA and its ability to specifically recognize ssDNA gaps

and ends.

Materials and Methods

RESULTS

SA2 specifically binds to DNA ends

Studying the DNA binding properties of SA1 and SA2 is essential for advancing our
understanding of the function of the cohesin complex in diverse genome maintenance
pathways. To investigate whether or not SA2 is a sequence specific DNA binding protein, we
purified His-tagged full length SA2 (Figure 1A). First, we evaluated the oligomeric state of SA2
using a previously established method that correlates the volume measured from AFM images
with the molecular weight of proteins (76,84,85). SA2 molecules (141 KDa) displayed AFM
volumes consistent with being predominantly in the monomeric state (Figure S1A). This result is
consistent with our previous study of SA2 using gel filtration chromatography (11). Next, to
investigate SA2 DNA binding, we carried out fluorescence anisotropy experiments using Alexa
488-labeled double- (66 bp) or single-stranded (66 nt) DNA substrates. These experiments
showed that SA2 bound to genomic ds-, telomeric ds-, and genomic ss-DNA substrates with
equilibrium dissociation constants (Ky) of 35.5 (+ 0.8), 22.5 ( 1.0), and 8.3 (= 0.5) nM,
respectively (Figure 1B).

Ensemble based biochemical assays such as fluorescence anisotropy and electrophoresis

mobility shift assays (EMSAS) only provide average binding affinities for DNA substrates. These
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assays cannot differentiate sequence specific DNA binding from DNA end binding. In contrast,
from AFM images of protein-DNA complexes, a direct measurement of DNA binding specificity
for unique sequences as well as that for DNA structures such as ends can be obtained through
statistical analysis of binding positions of protein complexes on individual DNA fragments (75).
To evaluate SA2-DNA binding specificity, we applied AFM imaging of SA2 in the presence of
linear DNA fragments containing either centromeric or telomeric sequences (Figure 2A,
Materials and Methods). Two centromeric DNA substrates (4.1 kb) used for AFM imaging
contain the a-satellite centromeric sequences that are either close to one end of the linearized
DNA (Cen-end DNA) or at the middle (Cen-mid DNA) (Fig. 2A). For the telomeric DNA substrate
(T270 DNA), the (TTAGGG).7 sequences make up approximately 30% of the total DNA length
(5.4 kb) and are located at the middle of the linearized T270 DNA (Figure 2A). SA2 displayed
AFM heights (1.41 £ 0.30 nm, mean = SD, Figures 2B&C, S1B) that were significantly taller than
that of dsDNA alone (0.70 + 0.08 nm, mean + SD) (86). This large difference in heights enabled
unambiguous identification of SA2 molecules on DNA. Statistical analysis of the binding position
of SA2 on DNA revealed that SA2 did not bind specifically to either the centromeric or telomeric
sequences (Figure 2D). However, on all three DNA substrates the majority of SA2 molecules
were bound at the DNA ends. Furthermore, DNA end binding by SA2 was independent of the
internal DNA sequence or position of the centromeric region (Figure 2D). On three DNA
substrates containing either blunt (T270 and Cen-mid) ends or ends with overhangs (4 nt 3’
overhang on Cen-end DNA), SA2 displayed similar fractional occupancies at DNA ends. These

results indicated that DNA end binding by SA2 was independent of single-stranded overhangs.

To further quantify the SA2 binding specificity for DNA ends, we applied the analysis based
on the fractional occupancies of SA2 at DNA ends (75). The SA2 binding specificity for DNA
ends (K; ena/Ka nonspedific) @re 2945 (+ 77), 2604 (+ 68), 2129 (= 76), respectively, for T270, Cen-
end, and Cen-mid DNA substrates. In addition, in contrast to SA2 alone, SA2 formed higher-
order oligomeric states with sizes ranging from 277 nm® to 2668 nm® on DNA (Figure S1C).
Based on the calibration curve relating protein molecular weights and AFM volumes (76), these
AFM volumes correspond to approximately 1 to 13 SA2 molecules. Taken together, these
results from fluorescence anisotropy and AFM imaging clearly show that SA2 binds to both
ssDNA and dsDNA, albeit with a higher affinity for ssDNA than for dsDNA. In addition, SA2
does not specifically bind to centromeric or telomeric sequences. However, it binds DNA ends

with high specificity that are independent of DNA sequences and single-stranded overhangs.

SA2 binds to ssDNA gaps with high specificity



109

Given the strong binding affinities for both ds- and ss-DNA displayed by SA2 (Figure 1), we
speculated that SA2 might bind to ssDNA gaps, which are generated after Fen1 removes the
RNA primers at the DNA replication fork (87). To investigate SA2 binding to ssDNA gaps, we
used a previously established method to generate a linear substrate containing an ssDNA gap
(37 nt) flanked by dsDNA arms (Figure 3A). This method was based on the generation of four
closely spaced nicks using DNA nickase and subsequent removal of short ssDNA between
nicked sites using complementary oligos (70,71). After restriction digestion of the circular
gapped DNA, the ssDNA gap is at 470 nt (23%) from one end of the DNA (blunt end, Figure 3A
and Figure S2, Materials and Methods). Based on diagnostic restriction digestion at the gapped
region, the DNA gapping efficiencies were typically 85 to 95% (Figure S2B). To further confirm
the presence of the ssDNA gap, the position distribution of mitochondria single-strand DNA
binding protein (mtSSB) on this DNA substrate was analyzed. mtSSB protein predominantly
bound to the expected ssDNA region on the gapped DNA substrate, while its binding on the
nicked DNA substrate was random (Parminder Kaur et al., unpublished data). Taken together,
these results established the presence of an ssDNA gap at the defined location on the linear
gapped DNA substrate.

Next, to study whether or not SA2 specifically binds to ssDNA gaps, we directly
compared the SA2 binding on non-gapped (without nickase treatment) to gapped DNA
substrates (Figure 3B&C). AFM imaging showed that on the non-gapped DNA substrate, SA2
predominantly bound to the DNA ends and its distribution at internal sites along the linear DNA
fragment was random (Figure 3C). This is consistent with position distributions of SA2 on
telomeric and centromeric DNA substrates (Figure 2D). In stark contrast, the presence of an
ssDNA gap shifted the SA2 binding from the DNA end to a region consistent with the location of
the ssDNA gap (23%) (Figure 3C). Analysis of the fractional occupancies of SA2 on DNA
demonstrated that SA2 displayed high binding specificity (S = 2116 + 30) for the ssDNA gap. In
addition, compared to the size of SA2 molecules positioned outside the gapped regions (1096 +
117 nm®), at the ssDNA gaps SA2 formed larger complexes with a broader size distribution
(1458 + 232 nm®, Figure S1C).

Since DNA nicking is the intermediate step for generating DNA gaps, we further tested
whether or not SA2 specifically binds to DNA nicks. First, to evaluate if SA2 displays binding
specificity for individual nick sites, we generated a linear DNA substrate (517 bp) containing a
single nick site at 37% from one DNA end (72). DNA nicking was confirmed by the observation

of slower mobility of nicked DNA than its non-nicked counterpart under gel electrophoresis
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(Figure S3A). On the nicked DNA substrate, SA2 displayed preferential binding toc DNA ends
(Figure S3A). In stark contrast with what was observed on the gapped DNA substrate, SA2
molecules were randomly distributed along the nicked DNA substrate (Figure S3A).
Furthermore, on a DNA substrate containing 4 nick sites spatially separated from one another,
AFM imaging further established that SA2 did not show preference for nicked sites (Figure
S3B). In addition, with C-terminal domain deletion, SA2 1-1051 retains binding affinities, with K4
of 28.0 and 47.3 nM for both ss- and dsDNA, respectively (Figure S4). Consistent with these
results, AFM imaging showed that SA2 1-1051 retains DNA binding specificities for DNA ends
(S =3382 £ 133) and ssDNA gaps (S = 3637 £ 128) (Figure S4). In contrast, while SA1 also
displayed ssDNA binding affinities with Ky of 36.0 (£ 1.0) nM, AFM imaging showed its high
binding specificity for DNA ends (S = 2094 + 38), but not for the 37-nt ssDNA gap (Figure 3C).
In summary, these results show that SA2 displays high binding specificity for ssDNA gaps, but
not DNA nicks. In addition, SA2 with C-terminal domain deletion retains binding specificity for
DNA ends and ssDNA gaps.

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

Dynamic movements on DNA, such as 1-dimensional (1-D) sliding, jumping, and
hopping, are essential for a protein to find its target sites on DNA (88-93). To understand how
proteins dynamically achieve DNA binding specificity, we developed a DNA tightrope assay
based on oblique angle total internal reflection fluorescence microscopy (TIRFM) imaging of
QD-labeled proteins on DNA stretched between micron-sized silica beads (Materials and
Methods) (77-80). DNA tightropes (at an elongation of ~90% of the contour length) are formed
between poly-L-Lysine treated silica microspheres using hydrodynamic flow (Figure 4A) (77). To
generate longer DNA substrates with specific sequences that can span between silica
microspheres, we ligated linear DNA fragments containing genomic, telomeric, or centromeric
DNA sequences (Figure 2A) (77). Recently, using the DNA tightrope assay, we observed that
QD-labeled SA1 displays slow subdiffusive events amid fast 1-D unbiased diffusion in a
telomeric sequence dependent manner (68).

To study SA2-DNA binding dynamics, the streptavidin-coated QD was conjugated to
His-SA2 using biotinylated multivalent chelator tris-nitrilotriacetic acid (F"tris-NTA) as the linker
(Figure 4B) (74). The three Ni-NTA moieties on the circular scaffold of the tris-NTA adaptor bind
to a His-tag with subnanomolar affinities (74,94). AFM imaging revealed that QDs in the
presence of only tris-NTA did not have significant binding affinities for DNA. The addition of
His-tagged SA1 to the BTtris-NTA-QD reaction led to loading of QDs onto DNA, indicating that
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QD binding to DNA tightropes was mediated through SAZ2. In addition, SA2-QDs retained DNA
binding specificity toward ssDNA gaps (Figure S6). To monitor SA2 binding on DNA in real time,
QD-labeled SA2 molecules were introduced into the flow cell using a syringe pump after DNA
tightropes were established between poly-L-Lysine treated silica microspheres. Then the flow
was stopped, allowing freely diffusing SA2 molecules in solution to bind to DNA tightropes. On
all DNA substrates, SA2-QD molecules on DNA were long lived, with ~80% of SA2-QD
complexes remaining on DNA tightropes after 2 minutes (N = 277). The positions of SA2-QDs
were tracked by Gaussian fitting to intensity profiles to obtain the diffusion constant (68,77-79).
Importantly, at the same protein concentrations (5 nM in the flow cell), the diffusion constants of
SA2 on A DNA and DNA tightropes containing either telomeric or centromeric sequences are
indistinguishable (Figure 4D, Table 1). In addition, the diffusive exponent (alpha factor) was
calculated to determine whether SA2 displayed subdiffusive motion on DNA. An alpha factor of
1 indicates an unbiased random walk and a value less than 1 indicates periods of pausing in the
random walk process (subdiffusion) (82). Recently, we found that SA1 shows telomeric
sequence dependent subdiffusive behavior on DNA, manifested by an alpha factor much
smaller than 1 (alpha factor: 0.69 + 0.03 on telomeric DNA) (68). SA2 displayed free 1-D
diffusion on centromeric DNA (alpha factor = 0.96 £ 0.022, N = 65) and A DNA (alpha factor =
0.93 £ 0.038, N = 48) tightropes (Table 1). In comparison, the alpha factors displayed by SA2 on
telomeric DNA tightropes were slightly (p = 0.01) lower (0.86 + 0.028, N = 55). In summary,
fluorescence imaging of QD-labeled SA2 on DNA tightropes directly shows that SA2 carries out
sequence independent 1-D diffusion on DNA tightropes containing telomeric, centromeric, or
genomic sequences. These results are consistent with random position distributions of SA2 on

both telomeric and centromeric DNA substrates shown in AFM images.

SA2 becomes static and can switch between dsDNA and ssDNA gap binding modes

To study SA2 DNA binding dynamics on DNA tightropes containing gaps, we introduced
3sDNA gaps after anchoring ligated DNA between silica microspheres. Generation of ssDNA
gaps on DNA tightropes was done by introducing nickase and complementary oligos in the flow
cell, followed by heating it at 55°C, and washing with buffers to remove nickase, and excess
short ss- and dsDNA (Figure 3A). Compared to telomeric (46%), centromeric (23%), and non-
gapped control DNA (36%), on DNA tightropes containing ssDNA gaps, a significantly (p < 10)
higher percentage of SA2 molecules were static (80.0 + 7.5%, N = 55, Figure 5B&C). In
addition, the density of SA2 on gapped DNA tightropes increased with higher SA2
concentrations (compare Figure 5B top and bottom panels). To evaluate whether or not the

static SA2 binding events occurred at the gapped region, we measured the distance between

9



112

nearest neighbor SA2-QD pairs. The distribution of this distance shows three distinct peaks
centered at 0.72, 1.23, and 1.87 pm, respectively (Figure 5D), which are consistent with the
expected spacing between ssDNA gaps on the ligated DNA tightropes (Figure 5A). In stark
contrast, on DNA tightropes containing nicks, the spacing between nearest neighbor SA2-QD
pair was random (Figure S3C).

To further confirm that DNA binding dynamics of SA2 on gapped DNA tightropes is
distinctly different from that on nicked DNA, we compared the diffusion constant and alpha
factor of mobile SA2 on DNA containing ssDNA gaps (Figure 3A) and A DNA (untreated and
nicked) tightropes (Figure 6A). We introduced nicked sites by incubating A DNA with Nt.BstNBI
nickase. To remove nickase, nicked A DNA was further purified using phenol chloroform
extraction before being introduced into the flow cell. A DNA has over 40 Nt.BstNBI nickase sites,
with spatial separation ranging from 13 bp to over 2000 bp. To observe mobile SA2 complexes
on DNA tightropes, the final SA2-QD concentration in the flow cell (0.6 nM) was kept the same
across all DNA substrates but lower than the standard concentration (5 nM, Fig. 4 and Table 1).
On gapped DNA tightropes (D = 0.01 + 0.003 pm?*s, and alpha factor = 0.70 + 0.05), SA2
showed a significant decrease in the diffusion constant and alpha factor (p < 0.02) compared to
untreated A (D = 6.13 + 0.032 pm?s, and alpha factor = 0.96 + 0.03) or nicked A DNA tightropes
(D = 0.082 + 0.030 pm?s, and alpha factor = 0.94 + 0.04, Figure 6A).

Interestingly, a subpopulation of mobile SA2 molecules (N = 21 out of 150) alternated
between mobile and static binding modes (Figure 6B). The pair-wise distance between nearest
neighbor SA2 static binding positions was 0.60 (+ 0.19) um (N = 21), which is consistent with
the spacing between two adjacent ssDNA gaps on DNA tightropes. To further compare SA2
DNA binding dynamics on different DNA substrates, we calculated a time interval-based
diffusion constant (Di., Figure S7) by mobile SA2 using a “sliding window” (40-frame, 2 s) MSD
analysis (83). This analysis indicated that distinct from the free 1-D diffusion mode (~1.0 X 1072
pm?/s, Figure $7), mobile SA2 molecules displayed an additional population with D;, values
centered at ~1.0 X10™* pm%s on gapped DNA tightropes (Supplementary Fig. S7D).
Furthermore, we used D;; value of 1 X 10# pmzls as the threshold value to identify individual
static binding events. This value is based on the diffusion constants measured from static
protein-QDs on DNA tightropes (68). This analysis indicated that compared to other DNA
substrates (nicked and non-gapped), on the gapped DNA tightropes, mobile SA2 molecules
displayed a significantly (p = 0.002) higher percentage of time windows (40-frame, 2 s) in the
static binding mode (Figure 6C).

10
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Taken together, fluorescence imaging of QD-labeled SA2 establishes that SA2
alternates between two DNA binding modes on gapped DNA — 1-D unbiased diffusion on
dsDNA and stable binding at ssDNA gaps. This result is consistent with AFM imaging showing
specific binding for ssDNA gaps by SA2.

SA2 forms higher-order oligomeric complexes and can bypass diffusion barriers on DNA
In AFM images, while SA2 alone mainly existed as monomers, SA2 formed higher-order
oligomers on DNA (Figure S1). Consistent with these observations using AFM, SA2-QDs with
brighter intensities were observed to break up into multiple fainter ones (red arrows, Figure 7).
This observation indicated that the brighter SA2 complexes were higher-crder oligomers. To
determine how SA2 dynamically forms higher-order oligomeric complexes on DNA, we analyzed
instances where a mobile SA2 molecule encountered additional stationary or mobile SA2
molecules. The overwhelming majority (92%, N = 49) of SA2-SA2 interactions on DNA were
collisions that did not form complexes. However, there were cases (8%) of initial separate
mobile SA2 molecules that collided and then diffused in synchronicity with brighter intensity than
individual molecules (white arrows, Figure 7A). These results show that the assembly and

disassembly of higher-order SA2 complexes on DNA are dynamic.

Proteins that maintain continuous close contact with DNA during sliding are unable to
circumnavigate obstacles posed by another protein on DNA. In contrast, a hopping mechanism
in which a protein micro-dissociates and re-associates with DNA within a distance comparable
to or greater than the dimension of DNA-bound proteins could enable it to transverse these
diffusion barriers. Previously, single-molecules imaging has revealed hopping by a DNA repair
protein (Mlh1-Pms1) and P53 (95,96). We observed instances of mobile SA2 molecules (N = 4
out of 49 colliding SA2 pairs) bypassing another DNA-bound SA2 molecules (Figure 7B). This

bypass frequency is comparable with what was observed with MIh1-Pms1 (25).

In summary, the assembly and disassembly of higher-order SA2 protein complexes on
DNA are dynamic. Combining with the observation that SA2 by itself mainly exists in the
monomeric form, these results imply that SA2 binds directly to DNA as monomers from the
solution. The assembly of higher-order SA2 complexes on DNA is promoted through 1-D
diffusion and direct interactions on DNA. SA2 hops on DNA, enabling it to bypass diffusion

barriers posed by another DNA-bound proteins.

Discussion
Despite the importance of SA2 in multiple genome maintenance pathways, the function of SA2

has been elusive. Using single-molecule imaging in combination with biochemical
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characterization of SA2, we establish that SA2 binds to both ds- and ss-DNA, albeit with a
higher affinity for ssDNA. It does not specifically bind to centromeric or telomeric sequences, but
shows high binding specificity for DNA ends and ssDNA gaps. SA2 can switch between free 1-D
diffusion on dsDNA and stable binding at ssDNA gaps in one binding event. These findings
have important implications for understanding the function of cohesin in diverse genome

maintenance pathways.

SA2 DNA binding in the context of sister chromatin cohesion

Cohesin is required for sister chromatin cohesion at the time of DNA replication or shortly
thereafter (97). Cohesin induced in G2 or M phases still associates with chromosomes but does
not promote cohesion between sister chromatids (Uhlmann and Nasmyth, 1998). However,
protein-DNA structures that direct the loading of cohesin at replication forks and the timing of
cohesion events relative to the progression of the DNA replication fork are not fully understood
(98). It was suggested that cohesin establishment occurs in congert with lagging strand Okazaki
fragment processing events mediated by the Fen1 flap endonuclease (99). Previous studies of
cohesin loading onto DNA had been focused on the three ring-subunits and their regulators.
The results from this study shed new light on a previously uncharacterized function of SA2 in
DNA binding. ssDNA gaps between Okazaki fragments are created on the lagging strand during
DNA replication. Specific binding toward ssDNA gaps by SA2 could facilitate the loading of the
core cohesin complex at replication forks. SA2 can switch between 1-D diffusion searching on
dsDNA and stable binding at ssDNA gaps in one binding event. Diffusion across dsDNA and
ssDNA regions without dissociation would allow individual SA2 molecules to navigate on the
lagging strand to form multi-protein SA2 complexes. Recently, single-molecule imaging of QD-
labeled S. pombe cohesin complexes on DNA curtains showed that DNA-bound core cohesin
complexes displayed a central hole that was estimated to be larger than ~10.6 nm, but less than
~19.5 nm (64). In light of these new results, to accommodate both the leading and lagging
strands during DNA replication, the bracelet and handcuff models in which each cohesin
complex binds to separate DNA strands are most appealing. However, the findings from this
study strongly suggest another possibility with SA2 and the cohesin ring subunits binding to
separate DNA strands. In this model, it is likely that SA2 binds to the ssDNA gaps on the
lagging strand. In other words, sister chromatid cohesion relies on both ssDNA gap binding by
SA2 and sequence/structure independent entrapment of dsDNA within the cohesin tripartite
ring. This model is consistent with our finding that SA2 binding at the ssDNA gaps does not
promote DNA-DNA pairing. The percentage of DNA-DNA pairing mediated by SA2 observed in
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AFM images were less than 1% and 2% for gapped (N = 343) and non-gapped DNA (N = 435),

respectively.

DNA binding by SA2 in the context of 3-D genome architecture formation

One important function of cohesin in interphase chromatin is to mediate chromatid remodeling
loops that bring together enhancer and promoter DNA regions for gene expression and
insulation (100-102). Cohesin shares many binding sites with CCCTC binding factor (CTCF)
(103), a mediator of long-range chromatin interactions. Importantly, the C-terminal tail of CTCF
protein directly binds to the SA1/SA2 while the rest of the cohesin complex is recruited later. A
prevailing notion is that cohesin plays a role in the stabilization of chromatid loop regulation
(104). 1-D diffusion of SA2 on DNA would enable its search for the CTCF protein on DNA.
Furthermore, results from this study strongly suggest that SA2 1-D diffusion might play an
important role in protein-mediated DNA extrusion for promoting topologically associating
domains (TADs) (102).

SA2 in DNA DSB repair

Cohesin localizes to dsDNA breaks induced by radiation, enzyme digestion, or DNA replication
through DNA lesions (56,57,59,61,105-108). Participation of cohesin in DNA DSB repair
depends on its ability to hold together sister chromatids (58). Previous studies found that
localization of SA1 and SA2 to DNA damage sites is strongly correlated with the presence of
Mre11 and/or Rad50 (59). The recruitment of Smc1 and Rad21 also vanished with depletion of
SA2 but not SA1, providing strong evidence that SA2 is necessary for the other cohesin
subunits to accumulate at DNA damage sites (67). Despite these connections, the mechanism
underlying cohesin recruitment to regions of DNA damage is poorly understood. Our
observations reported in this study suggest that SA2 DNA end binding could provide the
“structure anchor” for the cohesin complex to stably bind at the DNA ends. Without anchoring at
the DNA ends by SA2 and the cohesin ring subunits, one single-ended DSB could interact with
another distant one, causing intra- and inter-chromosomal rearrangements through non-
homologous end-joining. Furthermore, the recruitment of SA2 to DNA breaks may also facilitate
homologous chromosomal DNA pairing during dsDNA break repair. In other words, the result
from this study is consistent with a model in which loading of SA2 at the DNA double-strand
break in conjunction with entrapment of its sister chromatid within the cohesin ring restrict the

trafficking of DNA extremities to prevent intra- and inter-chromosomal rearrangements.

Overlapping and unique roles of SA1 and SA2

13



It is well established that SA1 and SA2 have overlapping as well as unique functions. One major
difference between SA1 and SAZ2 proteins is found in the first 75 amino acids of their N-terminal
domains (66). Only SA1 contains an AT-hook motif at its N-terminal domain. Cohesin SA1 plays
a more prominent role than SA2 in regulation of gene expression (109). In a recent study, we
propose a model in which SA1 is the “DNA sequence guide” (using its AT-hook motif) and
directs the loading of the core cohesin complex at AT-rich DNA sequences along the genome
(68). In this study, we discover that unlike SA1, SA2 does not recognize specific DNA
sequences. However, in parallel with DNA sequence dependent binding by SA1, SA2 might play
a more prominent role in anchoring the cohesin complex at specific structures including ssDNA
gaps. Fluorescence anisotropy experiments demonstrate that SA2 displays a 4-fold higher
binding affinity for ssDNA compared to dsDNA. On the other hand, SA1 displays comparable
DNA binding affinity for double-stranded telomeric sequences (Ky = 34.0 £ 5.8 nM) (68) and
ssDNA (Ky = 36.0 £ 1.0 nM). While both SA1 and SA2 bind to ssDNA gaps, the specificity of
SA1 for ssDNA gaps can be masked by its preference for AT-rich sequences. In summary, we
propose that both SA1 and SA2 function as the DNA sequence/structure anchor for the cohesin
complex, while the unique roles of SA2 and SA1 are manifested by the difference in their DNA
binding properties. Future single-molecule studies are necessary to build a complete model for
cchesin assembly that takes into consideration DNA binding by SA1 and SA2.
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FIGURE LEGENDS

Figure 1. SA2 binds to both ds- and ss-DNA substrates. (A) SDS-PAGE gel of purified full
length SA2. (B) Flucrescence anisotropy experiments showing concentration-dependent binding
of SA2 to dsDNA (66 bp) and ssDNA (66 nt) substrates. The data were fitted to the law of mass
action. DNA substrates are labeled with Alexa 488. The equilibrium dissociation constants are
35.5 (+ 0.8 SEM) and 8.3 (+ 0.5, SEM) nM, respectively, for ds- and ss-DNA substrates (two
independent experiments).

Figure 2. SA2 does not show binding preference for telomeric or centromeric DNA
sequences, but recognizes DNA ends. (A) Three DNA substrates used for AFM imaging.
(B-C) Representative AFM images of SAZ on the centromeric (B, Cen-mid) or telomeric (C)
DNA substrates. (D) Position distributions of SA2 on DNA substrates containing telomeric
(T270, N = 283), centromeric sequences close to one end (Cen-end, N = 275) or in the middle
(Cen-mid, N = 298). Each data set was from three independent experiments. The error bars

represent SEM.

Figure 3. SA2 specifically binds to ssDNA gaps. (A) Generation of the linear gapped DNA
substrate. Gapped DNA was created using pUC19 derived pSCWO01 plasmid (2030 bp) that
contains 4x Nt. BstNBI nicking sites. After restriction digestion, the resulting ssDNA gap is 37 nt
long and at 470 nt (23%) from one end of the linear DNA fragment. (B) Representative AFM
images of the full length SA2 complex binding to the linear gapped DNA substrate. The contour
length of the linear gapped DNA was measured as L. = 622.48 + 41.3 nm. (C) Statistical
analysis of the position distribution of the full length SA2 complex on the linear gapped (N =
251) and non-gapped (N = 201) DNA, as well as full length SA1 on the gapped DNA substrate
(N = 295). Each data set was cbtained from at least 2 independent experiments. The error bars

represent SEM.

Figure 4. SA2 displays similar binding dynamics on DNA substrates containing

centromeric, telomeric, or random sequences. (A) Schematic of the DNA tightrope assay.

(B) The QD conjugation strategy: a His-NTA-biotin-QD sandwich method for conjugating His-
tagged SA2 to QDs. (C) Representative kymographs of QD-labeled SA2 on centromeric (top),
telomeric (middle), and A DNA tightropes (bottom). In all reactions, SA2 protein was incubated
with both red (655 nm) and green (565 nm) QDs at equal molar concentrations. (D) Diffusion
constants of SA2 on centromeric (Cen-DNA, D = 0.10 = 0.018 pm?s, N = 48), telomeric (T270,
D = 0.096 + 0.018 pm?s, N = 53), or A (D = 0.095 + 0.017 pm%s, N = 48) DNA tightropes. The

error bars represent SEM.
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Figure 5. SA2 stably binds at ssDNA gaps. (A) Schematic of the DNA tightropes with ssDNA
gaps at defined spacing. (B) Representative kymograph of SA2 on the ligated DNA tightropes
containing gaps at the low (0.6 nM) and standard (5 nM) protein concentrations. The ssDNA
gaps were generated by heating and introduction of complementary oligos after the DNA
tightropes were formed. Equal molar concentrations of red and green QDs were present in the
conjugation reaction. (C) The percentage of static SA2 molecules on telomeric, centromeric,
non-gapped control, and gapped DNA tightropes. The final SA2 concentration in the flow cell
was 0.6 nM. (D) Statistical analysis of the spacing between SA2-QD complexes on the gapped
DNA tightropes (N = 149). The line represents Gaussian fit to the data (R? > 0.93) with peaks
centered at 0.72, 1.23, and 1.87 ym, respectively.

Figure 6. SA2 switches between searching and recognition modes on DNA tightropes
containing ssDNA gaps. (A) Comparison of SA2 diffusion constants and alpha factors on
gapped DNA (N = 28), nicked A DNA (N = 20), and non-nicked A (N = 20) DNA. Final SA2
concentration was 0.5 nM in the flow cell. *: p < 0.02; **: p < 0.001; ***p < 0.0005. (B)
Kymographs of SA2 showing SA2 alternating between 1-D diffusion and stable binding on
gapped DNA tightropes. (C) Percentages of time windows (40 frames/2 s) with Dy, values less
than 10 for mobile SA2 on gapped, A, non-gapped control, centromeric (Cen-DNA), and

telomeric (T270) DNA tightropes.

Figure 7: SA2 forms dynamic higher-order oligomeric complexes on DNA and can
bypass another DNA-bound SA2 complex. (A) Kymographs of SA2-QDs on DNA showing
dis-assembily (red arrcws) and re-assembly (white arrows) of SA2 complexes on DNA
tightropes. (B) Examples of SA2 bypassing diffusion barriers posed by another DNA-bound SA2
molecules. Top: SA2 was blocked by a DNA-bound SA2-QD (left arrow) and then bypassed it

(right arrow).
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Table 1: Summary from analysis of diffusion dynamics of QD-labeled full length WT SA2

on DNA tightropes.

WT SA2-QDs (5 nM)

WT SA2-QDs (0.6 nM)

DNA D Alpha factor D Alpha factor Static (%)
(um®ss) (um’fs)

Centromeric 0.10 £0.018 0.96 £0.022 - - 23
(N =43) (N =65)

T270 0.096 £0.018 0.86 £0.028 - - 46
(N =53) (N=55

A DNA 0.095 £0.017 0.93 £ 0.038 0.13 £0.032 0.96 £0.03 -
(N =48) (N =48)

Nicked A DNA - - 0.082 £ 0.030 0940.04 -

Gapped DNA - - 0.01 £0.003 0.700.05 80.0

Note:

D: diffusion constant (mean * SEM)
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Proper chromosome alignment and segregation during mitosis depend on cohesion
between sister chromatids. Cohesion is thought to occur through the entrapment of DNA
within the tripartite ring (Smc1, Smc3, and Rad21) with enforcement from a fourth
subunit (SA1/SA2). Surprisingly, cohesin rings do not play a major role in sister telomere
cohesion. Instead, this role is replaced by SA1 and telomere binding proteins (TRF1 and
TIN2). Neither the DNA binding property of SA1 nor this unique telomere cohesion
mechanism is understood. Here, using single-molecule fluorescence imaging, we
discover that SA1 displays two-state binding on DNA: searching by 1-dimensional free
diffusion versus recognition through subdiffusive sliding at telomeric regions. The AT-
hook motif in SA1 plays dual roles in modulating nonspecific DNA binding and
subdiffusive dynamics over telomeric regions. TRF1 tethers SA1 within telomeric regions
that SA1 transiently interacts with. SA1 and TRF1 together form longer DNA-DNA pairing
tracts than with TRF1 alone, as revealed by atomic force microscopy imaging. These
results suggest that at telomeres cohesion relies on the molecular interplay between
TRF1 and SA1 to promote DNA-DNA pairing, while along chromosomal arms the core
cohesin assembly might also depend on SA1 1-D diffusion on DNA and sequence

specific DNA binding.
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INTRODUCTION

In eukaryotes, proper chromosome alignment and segregation during mitosis depend on
cohesion between sister chromatids (1-3). Cohesion is mediated by the cohesin complex, which
also plays important roles in other diverse biological processes, including double-strand DNA
repair and maintenance of 3-dimensional chromatin organization (4,5). In vertebrates, the core
cohesin complex consists of a tripartite ring assembled by Smc1, Smc3, Rad21 (also known as
Sce1) and the stromal antigen subunit (SA) SA1 (STAG1) or SA2 (STAG2) (3).

In addition to association at centromeres, cohesin complexes are distributed at low
densities along chromosome arms (6). This observation implies a low coverage of cohesin rings
at telomeres. Telomeres are nucleoprotein structures that prevent the degradation or fusion of
linear chromosome ends by preventing them from activating the DNA damage response and
double-strand DNA break repair machineries (7-10). Human telomeres contain ~2 to 20 kb of
TTAGGG repeats and a G-rich 3’ overhang (11). In humans, a specialized protein complex
called shelterin (consisting of TRF1, TRF2, POT1, TIN2, TPP1, and RAP1) regulates
telomerase access, DNA damage response, and sister chromatid cohesion at telomeres (12-16).
Aging or disease associated telomere shortening contributes to genome instability and cancer
progression by inducing chromosome end resection, fusion, and breakage (17). G-quadruplex
(G4) and intermediate structures present during G4 formation cause chromosoeme fragility and
replication fork stalling at telomeres (18,19). However, the cohesion process can counteract
these effects by facilitating the restart of stalled replication forks (5,20). This function highlights
the important role that the cohesion process plays at telomeres.

Our previous studies revealed that SA1 is required for telomere cohesion whereas, SA2
is required at centromeres (21). Depletion analysis showed that telomeres relied heavily on SA1
and to a lesser extent on the ring for cohesion (22). While deletion of cohesin ring subunits or
SA2 dramatically decreases cohesion at centromeres, it does not significantly affect sister

telomere association (22). Furthermore, SA1, not SA2, functionally interacts with TRF1 and

3
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TIN2 (23). Beyond its function at telomeres, SA1 is enriched at promoters and CCCTC-binding
factor (CTCF) sites, which in turn determines the distribution of cohesin complexes along
chromosomes (24). However, the DNA binding properties of SA1, are unknown, but have
important implications for advancing our understanding of the mechanism underlying sister
chromatid cohesion and its contribution to chromosome architecture determination (25).
Furthermore, it is unclear if SA1 specifically recognizes telomeric DNA sequences, or if TRF1
influences SA1's interactions with telomeric DNA. Importantly, it is not fully understood how
sister telomere cohesion is achieved through SA1 in conjunction with the shelterin proteins
TRF1 and TIN2.

Here we used fluorescence imaging to study quantum dot- (QD-) labeled SA1 on DNA
containing alternating telomeric and non-telomeric sequences. This platform was used to
investigate how SA1 achieves DNA binding specificity for telomeric sequences by itself and in
partnership with TRF1. We discovered that SA1 displays two-state binding on DNA: fast
searching using 1-dimensicnal unbiased diffusion and reading (recognition) at telomeric regions
using a slow subdiffusive sliding mechanism. The N-terminal domain of SA1 (SA1-N) containing
the AT-hook motif mediates both the nonspecific binding and subdiffusive diffusion modes.
Monte Carlo simulations using a two-state model for SA1 (free 1-D diffusing during searching
and pausing during reading) suggest that the slow subdiffusive behavior can be explained by
higher probabilities of pausing events at telomeric sequences. Furthermore, we found that the
presence of TRF1 tethers SA1 within the telomeric region, while individual SA1 molecules
diffuse through multiple telomeric and non-telomeric regions on DNA tightropes. Using AFM
imaging we found that TRF1 and SA1 together promote longer protein-mediated DNA-DNA
pairing tracts compared with TRF1 alone. Taken together, these results directly revealed the
molecular interplay between SA1 and TRF1 in telomeric DNA binding and in promoting DNA-

DNA pairing during sister telomere cohesion. Importantly, these results strongly suggest a new
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model for cohesin assembly that takes into consideration the 1-D diffusion of SA1 on DNA and

its sequence specific binding.

MATERIALS AND METHODS

Protein-QD conjugation

Streptavidin-conjugated quantum dots (SAv-QDs) and secondary antibody-coated quantum dots
(Ab-QDs) were purchased from Invitrogen. Flag and SUMO antibodies were purchased from
Sigma and Santa Cruz Biotechnology, respectively. For labeling N-terminal 3X Flag-tagged WT
SA1, SA1 R37A R39A (GenScript), or SUMO-tagged SA1-N (SA1-N, 1-72 AA), QDs (1 pL of 1
uM) were incubated with the primary antibodies (1 pL of 1 pM) for 20 min. Proteins (1 L, 0.7
UM Flag-SA1 or 1 pM SUMO-SA1-N) were added to the solution and incubated for an additional
20 min. For single-color QD labeling of N-terminal Hiss-tagged full length SA1 (His-SA1), 1 pL of
SAv-QD (1 pM, Invitrogen) was incubated with 1 pL of the multivalent chelator tris-nitrilotriacetic
acid (®"tris-NTA , 2 uM) for 20 min (26). His-SA1 protein (1 pL of 1 yM) was then added to the
SAv-QD-NTA solution and incubated for an additional 20 min. Experiments were carried out
using equal molar concentration of green (565 nm) and red (655 nm) QDs. A higher percentage
of dual-color labeling of Flag-SA1 molecules (46%, N = 107) was present compared to His-SA1
(10%, N = 67). This difference is most likely due to the simultaneous binding of two Ab-QDs to
the 3X Flag tag on SA1. For dual-color differential labeling of Flag-SA1 and N-terminal His-
tagged TRF1 (His-TRF 1), additional His-tagged single-chain antibody fragments (2 pL of 5 pM)
and dithiothreitol (DTT, 5 pl of 2 mM) were added sequentially to the SA1-QD solution and
incubated for 20 min at each step. The addition of DTT and the antibody fragments is to prevent
His-TRF1 from nonspecifically binding to Ab-QDs through the metal-histidine coordination (27).
The Flag-SA1-QDs and His-TRF1-QDs were prepared separately, then mixed and incubated for
an additional 20 min. All samples were diluted 200X for WT SA1 and 20X for SA1 R37A R39A

mutant protein, before being introduced into the flow cell in the imaging buffer [20 mM Tris (pH



7.5), 100 mM KCI, and 0.1 mM MgCl;]. Formation of dual-color QD-labeled complexes on T270
tightropes depends on the presence of both TRF1 and SA1, which shows that the crosstalk

between His-TRF1 and Ab-QDs is not significant.

AFM imaging and analysis

All DNA and protein samples were diluted in 1X AFM buffer [25 mM HEPES—KOH (pH 7.5), 25
mM NaOAc, and 10 mM Mg(OAc),] before being deposited onto freshly cleaved mica surface
(SPI Supply). Then, the samples were washed with MilliQ water and dried under a stream of
nitrogen gas. The final protein, QD, and DNA concentrations were 6.7 nM, 6.7 nM, and 0.58
pg/ml, respectively. When QDs were not included, the final concentrations of SA1 and TRF1
proteins were 30 nM and 50 nM respectively. All images were collected in the AC mode using a
MFP-3D-Bioc AFM (Asylum Research). Pointprobe® PPP-FMR probes (Nanosensors) with spring
constants at ~2.8 N/m (nominal value) were used. All images were captured at a scan size of 1-
3 pm x 1-3 pm, a scan rate of 1-2 Hz, and a resolution of 512 pixels x 512 pixels. The positions
of proteins and protein-QDs on DNA were analyzed using the software from Asylum Research.
Fluorescence imaging and analysis

The oblique angle total internal reflection microscopy based particle tracking of QD-labeled

proteins on DNA tightropes was described previously (28).

The mean square displacement (MSD) as a function of time interval is given by:

N-n

2[(xz+n -x) + (0, —J’l)z] Equation 1

MSD(nAf) =
N-n

where N is the total number of frames in the trajectory, n is the number of frames for different
time intervals, At is the time between frames, and x;and y;are the positions of the protein-QD in
the frame /. The 1-D diffusion constant (D) and diffusion exponent (alpha factor) were analyzed
by a custom routine developed in LabView Software based on the following equation (29):

MSD = 2Dt* Equation 2
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A protein was categorized as being mobile if the diffusion constant was greater than 5 x10™
pm%s and R? value from data fitting using Equation 2 was greater than 0.8. To detect slow
diffusion events on DNA based on the time interval-based diffusion constant (D), we
developed a custom MATLAB code to execute “sliding window” (40-frame, 2 s) MSD analysis

(34).

RESULTS

Full length SA1 binds specifically to telomeric DNA sequences

Recently, we demonstrated that the N-terminal domain of SA1 (1-72 AA, SA1-N) binds to a DNA
substrate containing telomeric sequences (22). However, whether or not the full length SA1
binds specifically to telomeric DNA was unknown. To understand the SA1 DNA binding
mechanism, we obtained full length His- and Flag-tagged SA1 proteins using the
baculovirus/insect cell expression system (Supplementary Methods, Supplementary Fig. S1A).
On a gel filtration column, the full length His-SA1 eluted at a mean volume consistent with a
monomeric protein (Supplementary Fig. S1B). Fluorescence anisotropy experiments
demonstrated that the equilibrium dissociation constant of SA1 for a duplex DNA substrate
containing 7 TTAGGG repeats (Ky = 34.0 + 5.8 nM, mean + SEM) was ~3-fold lower than that
obtained for a DNA substrate of the same length but with scrambled sequences (Ky = 104.0 +
13.6 nM, Fig. 1A). In contrast, SA1 did not show specificity for CTCF consensus sequences
(Supplementary Fig. S2). To study SA1 binding to longer telomeric substrates, we carried out
AFM imaging and statistical analysis (Materials and Methods) of the binding position of SA1 on
a telomeric DNA substrate containing 270 TTAGGG repeats (T270, 5.4 kb) and a control
substrate (3.8 kb) containing only the non-telomeric (genomic) DNA sequences from T270 (Fig.
1B). AFM imaging indicated that a higher percentage (41.9%) of SA1 bound at the telomeric
region on the T270 DNA substrate compared to the same locations along the genomic DNA
substrate (27.0%). In summary, both fluorescence anisotropy and AFM imaging showed that full
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length SA1 binds to telomeric sequences with weak (~2-3 fold) specificity.

SA1 alternates between fast and slow diffusion on DNA containing telomeric sequences
Dynamic movements on DNA, such as 1-dimensional (1-D) sliding (translocation while
maintaining continuous DNA contact), jumping, and hopping (microscopic dissociation and
rebinding events) are essential for a protein to find its target sites on DNA (30-35). To further
understand how SA1 dynamically achieves DNA binding specificity for telomeric sequences, we
used oblique angle fluorescence microscopy imaging of QD-labeled proteins on T270 DNA
tightropes containing alternating telomeric and genomic regions (Materials and Methods)
(28,36-38). Hydrodynamic flow was used to stretch DNA and suspend ligated T270 DNA
strands between poly-L-lysine coated silica microspheres at an elongation of ~90% of the DNA
contour length (Fig. 2A, Supplementary Methods) (28). We conjugated Flag-SA1 to secondary
antibody-coated QDs (Ab-QDs) using an antibody sandwich method (Fig. 1C)
(26). AFM imaging revealed that Ab-QDs without SA1 did not have significant binding affinity for
T270 DNA, and SA1-QDs retained binding specificity for telomeric sequences (Fig. 1C). The
binding of SA1-QDs molecules to DNA was long lived, with 78.5% (N = 107) of SA1-QD
complexes remaining on T270 DNA tightropes after 2 minutes (Supplementary Fig. S3A).
Analysis of SA1 on T270 DNA revealed two populations (Fig. 2B-D): static and mcbile
molecules. Surprisingly, while some mobile SA1 molecules displayed free 1-D diffusion on T270
DNA throughout the entire observation period (2 min, Fig. 2C), a subpopulation of mobile SA1
molecules alternated between periods of slow and fast diffusion (Fig. 2D, Supplementary Movie
$1). His-SA1-QDs also displayed bimodal diffusion behavior (fast and slow diffusion) on T270
DNA (Supplementary Fig. S3B). These results indicate that this type of bimodal diffusion
behavior (fast and slow diffusion) is independent of QD conjugation strategies.

The diffusion range of SA1 molecules on T270 DNA tightropes covered distances from

~0.18 to 8.55 pym (~6 ligated T270 molecules), with some SA1 molecules visiting more than one
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telomeric segment (1.6 kb each, Fig. 2D). Strikingly, some SA1 molecules repeatedly slowed
down at the same regions along T270 DNA tightropes, manifested as distinct peaks in the
position histogram of SA1 along DNA (Fig. 2D, top panel). The distribution of the pair-wise
distances between these peaks exhibited two populations centered at 0.5 and 1.5 pm (Fig. 2E).
These distances are consistent with the boundaries of the telomeric region (1.6 kb) and the
spacing between two adjacent telomeric regions on T270 DNA (5.4 kb), respectively.
Furthermore, we also observed the alternation between fast and slow diffusion of SA1 at lower
(50 mM KCI) and higher (150 mM KCI) salt concentrations (Supplementary Fig. S4). Collectively,
these results show that SA1 alternates between fast and slow diffusion on DNA tightropes
containing telomeric and non-telomeric sequences. The pairwise distance between slow
diffusion events on T270 DNA indicates that slow diffusion events are more likely to occur at

telomeric regions.

Long SA1 slow diffusion events depend on telomeric sequences

To investigate whether the slow diffusion events displayed by SA1 on DNA depend on the
presence of TTAGGG repeats, we imaged QD-labeled SA1 on DNA tightropes containing only
the genomic sequence portion of the T270 DNA substrate or centromeric DNA sequences (Fig.
3A). On genomic and centromeric DNA tightropes, SA1 molecules showed different DNA
binding dynamics compared with T270 DNA (Fig. 3). The percentage of SA1 molecules
displaying static binding on T270 DNA was ~3-fold and 9-fold higher than on genomic and

centromeric DNA, respectively (Fig. 3B).

To further compare the dwell times of the slow diffusion events displayed by mobile SA1
on different DNA substrates, we used “sliding window” (40-frame, 2 s) MSD analysis to calculate
a time interval-based diffusion constant (D, bottom panels in Fig. 2C and 2D) (39). Distinct
from static (< 0.5 X 10° um?/s, Supplementary Fig. S5A) and fast free diffusion modes (> 10 X

102 um®fs, Supplementary Fig. S5B), this analysis indicated that mobile SA1 molecules with fast
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and slow diffusion on T270 DNA show a distinct peak at ~1.0 X10° ym?s (Supplementary Fig.
S5C). Therefore, for calculating dwell times on DNA tightropes we used Dy, value of 5.0 X 107
pm?s as the threshold to identify individual slow diffusion events. This Dy, based analysis
showed that the dwell times of individual SA1 slow diffusion events on T270 (1.17 s) are
significantly (p < 0.05) longer than on genomic (0.80 s) and centromeric (0.79 s) DNA
(Supplementary Fig. S6A). The percentage of mobile SA1 molecules showing long slow
diffusion events (Dj, < 5.0 X10 pm?s for longer than 2.2 s) on T270 DNA (51.2%) was at least
~2-fold higher than on genomic (17.6%) or centromeric DNA (24.1%, Fig. 3C). Furthermore,
among all mobile SA1 molecules analyzed, SA1 spent a significantly larger percentage of time
(24.4%}) in the slow diffusion mode on T270 DNA than on genomic (3.2%) and centromeric DNA

(6.3%, Supplementary Fig. S6B).

Using MSD analysis we further compared the dynamics of SA1 on different DNA
substrates. SA1 displayed significantly (p < 0.005) slower diffusion constants on T270 DNA
(0.04 + 0.01 ym?s) in comparison with DNA substrates containing genomic (0.14 + 0.03 um?/s)
or centromeric (0.11 + 0.02 pm?%s) DNA sequences (Table 1). In addition, we calculated the
diffusive exponent (alpha factor) to determine whether SA1 displays subdiffusive motion on
DNA (Table 1). An alpha factor of 1 indicates an unbiased random walk and a value less than 1
indicates periods of pausing in the random walk (subdiffusion) (29). On T270 DNA, SA1
displayed significantly (p < 0.001) smaller alpha factors (0.69 = 0.03) compared to genomic
(0.89 + 0.02) and centromeric (0.82 + 0.02) DNA substrates (Table 1). In summary,
fluorescence imaging of QD-labeled proteins established that SA1 alternates between slow and
fast diffusion on DNA. These slow diffusion events are telomere sequence dependent.
Additionally, the alpha factor for SA1 on T270 was significantly smaller than on genomic DNA,

which suggests protein pausing amid free diffusion at telomeric sequences.

SA1 slow diffusion events are mediated through its N-terminal domain
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SA1 contains a unique AT-hook motif at its N-terminal domain, which is not present on SA2 (22).
The AT-hook domain has been proposed to serve as an accessory domain for transcription
factors to bind specific DNA sequences/structures (40). To determine whether or not SA1 slow
diffusion events depend on its unique N-terminal domain, we purified the SUMO-tagged SA1 N-
terminal fragment (SA1-N) (22). Analysis of the binding position of SA1-N on T270 DNA in AFM
images demonstrated that SA1-N binds specifically to the telomeric regions (Fig. 4A and
Supplementary Fig. S7A). These results are consistent with previous electrophoresis mobility
shift assays (EMSAs) indicating SA1-N binding to telomeric sequences (22).

For fluorescence imaging, we labeled N-terminal SUMO-tagged SA1-N with Ab-QDs
through a primary antibody against the SUMO tag (Fig. 4B, Supplementary Methods).
Consistent with results from AFM imaging, incubation of SA1-N-QDs with T270 DNA tightropes
resulted in substantial DNA binding. Importantly, SA1-N also displayed slow diffusion events on
T270 DNA (Fig. 4C, Supplementary Movie $2). The static binding and long slow diffusion
events (> 2.2 s) on T270 displayed by SA1-N alsc were telomeric sequence dependent
(Supplementary Fig. S7TB&C). A significantly higher percentage of SA1-N molecules (74.3%)
showed slow diffusion events (dwell time > 2.2 s) on T270 DNA than on genomic DNA (38.6%).
Consistent with these results, the diffusion constant of mobile SA1-N on T270 DNA (0.06 + 0.01
pm?/s) was significantly (p = 0.001) lower than that on genomic DNA (0.12 + 0.02 ym®/s, Table
1). Furthermore, the alpha factor of SA1-N 1-D diffusion (0.74 *+ 0.03) was significantly smaller
(p < 0.001) on T270 than on genomic DNA (0.89 = 0 .02, Table 1).

Previously, it was shown that the mutations at the central core sequence (KRKRGRP) in
the SA1 AT-hook motif (SA1-N R37A R39A) significantly reduces its binding to telomeric DNA
(22). To further understand the role of SA1’s AT-hook motif in DNA binding, we obtained the full
length Flag-tagged SA1 R37A R39A mutant (Supplementary Fig. S1A). Fluorescence

anisotropy experiments showed that the double mutations at the AT-hook domain reduced the
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Kq of SA1 for genomic DNA and telomeric DNA by approximately 9.3- and 6.5-fold, respectively
(Fig. 4D). Intriguingly, on the control DNA tightropes containing nonspecific genomic and
centromeric sequences, QD-labeled SA1 R37A R39A diffused significantly slower (0.03 + 0.01
pm?/s, p < 0.0003) than the WT protein (0.11 + 0.02 ym?®/s, Table 1). These results
demonstrated that the core AT-hook motif plays an important role in nonspecific DNA binding
and in promoting mobility of SA1 on DNA. Meanwhile, it is worth noting that SA1 R37A R39A
still showed specificity (~4X) for telomeric sequences (7 TTAGGG repeats), even though the
overall DNA binding was reduced (Fig. 4D). At the single-molecule level, QD-labeled SA1 R37A
R39A also displayed alternating slow and fast diffusion events on T270 DNA tightropes (Fig.
4C). However, compared to the WT protein, the ability of SA1 R37A R39A to carry out
subdiffusive diffusion on DNA is significantly compromised. Compared to the WT protein (64%),
the percentage of mobile SA1 R37A R39A molecules showing slow diffusion events (> 2.2 s,
34%, N = 86) was significantly decreased for both telomeric and centromeric DNA substrates. In
addition, the alpha factor of SA1 R37A R39A on T270 (0.79 £ 0.05) was significantly higher (p<
0.003, Table 1) than that for WT SA1 (0.69 £ 0.03). In addition, with R37A R39A mutations, the
difference between alpha factors displayed by SA1 on T270 (0.79 + 0.05) and the control DNA
substrate (0.83 £ 0.03) was diminished (Table 1). Collectively, the fluorescence anisotropy and
single-molecule fluorescence imaging results demonstrated the dual roles of the central core
sequence (KRKRGRP) at the AT-hook motif in achieving high affinity nonspecific SA1 DNA
binding and modulating telomere sequence dependent subdiffusive behavior on DNA.
SA1 becomes subdiffusive or static within telomeric regions in the presence of TRF1
SA1 interacts directly with TRF1 through its N-terminal domain (23). EMSAs using a DNA
substrate containing 3 TTAGGG repeats showed that TRF1 and SA1 together induced a
supershift relative to TRF1-DNA and SA1-DNA complexes (Fig. 5A). This result suggests that
TRF1 and SA1 can interact simultaneously with the same piece of DNA.

To evaluate how TRF1 affects the dynamics of SA1 on DNA, we directly imaged their
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interactions. Flag-SA1 and His-TRF 1 proteins were orthogonally conjugated with red Ab-QDs
and green SAv-QDs via antibody sandwich and BTtris-NTA linkage strategies, respectively (Fig.
5B and Movie S3). Under these conditions, 11.2% of the total protein-QDs on T270 DNA
tightropes were dual-color labeled, which were dependent on the presence of both TRF1 and
SA1 (Supplementary Fig. S8A). A higher population of dual-colored SA1-TRF1-QD complexes
(~60%) were static than the single-colored SA1-QD alone (~35%) on T270 DNA tightropes (Fig.
5D). On T270 DNA tightropes, the majority (68.2%) of the mobile SA1-TRF1 complexes diffused
within a range less than the length of telomeric region (~0.5 pm) during the entire observation
time window (2 mins, bottom panel of Fig. 5C, Fig. 5E). In stark contrast, the majority (73.3%) of
SA1 alone molecules (single-color labeled) diffused through multiple telomeric and non-
telomeric regions (with diffusion ranges > 0.5 pm, Fig. 5C top panel, Fig. 5E). These results
suggest that the narrow diffusion range displayed by SA1-TRF1 is due to interactions between
TRF1 and SA1. To further confirm that the confined motion displayed by SA1-TRF1 is telomeric
sequence dependent, we studied the diffusion range of dual-colored SA1-TRF1-QDs on
genomic DNA. Strikingly, on genomic DNA, only 6.7% of mobile SA1-TRF1 protein complexes
were confined to a range less than 0.5 pm (Fig. 5E). Furthermore, the distance between dual-
color QD-labeled SA1-TRF1 complexes and green QD-labeled TRF1 was consistent with that of
SA1-TRF1 complexes binding to telomeric regions (Supplementary Fig. S8B). Therefore the
restricted diffusion range is not a property of SA1-TRF1-QDs, but instead is related to the DNA
binding energy landscape over telomeric DNA sequences. In addition, the diffusion constant
and alpha factor of mobile SA1-TRF1 complexes were significantly (p < 0.05) smaller on T270
DNA than on genomic DNA tightropes (Fig. 5F). Taken together, these results reveal that TRF1

is required to hold SA1 at the telomeric region.

SA1 and TRF1 together facilitate DNA-DNA pairing
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TRF1 forms protein filaments on DNA and promotes parallel pairing of telomeric tracts (41). To
elucidate the role of SA1-TRF1 interactions in sister telomere cohesion, we used AFM to
investigate whether or not SA1 influences TRF1 mediated DNA-DNA pairing. Consistent with
previous results (41), we observed that TRF1 molecules formed protein tracts that mediate
DNA-DNA pairing on T270 DNA (Fig. 6A). TRF1 protein tracts displayed average heights of
0.73 (£ 0.10, mean £ SD) nm and average tract lengths of 66 (+ 4) nm (Fig. 6D and
Supplementary Fig. S9). In contrast to TRF1 (50 nM), no protein tracts were observed when
SA1 alone (30 nM) was incubated with T270 DNA. Importantly, in the presence of both TRF1
and SA1 (Fig. 6B&C), the average SA1-TRF1 mediated DNA-DNA pairing tract length increased
significantly to 92 (+ 7) nm (Fig. 6D and Supplementary Fig. S9). Due to its larger molecular
weight, SA1 (142 kDa) on T270 DNA can be identified as individual proteins with heights (1.39 £
0.50 nm, mean + SD) significantly (p < 0.05) higher than TRF1 protein tracts (Supplementary
Fig. S9C). The location of SA1 on TRF1-mediated DNA-DNA pairing tracts was random. In the
presence of SA1 R37A R39A and TRF1, the protein-mediated tract on T270 substrate (78 £ 7
nm, N = 16) was comparable with TRF1 alone. This result is consistent with our previous
observation based on telomere Fluorescence in situ hybridization (FISH) showing that SA1 R37A
R39A mutations abrogate the ability of SA1 to induce persistent cohesion at telomeres (22). In
summary, SA1 and TRF1 together promote DNA-DNA pairing and the enhancement of TRF1-

mediated DNA-DNA pairing depends on DNA binding by SA1.

Coarse-grained molecular dynamics (MD) simulations of synergistic effects of TRF1 and
SA1 DNA binding

To further test the model that SA1 and TRF1 together bind to telomeric DNA and promote DNA-
DNA pairing, we performed coarse-grained molecular dynamics (MD) simulations using
HOOMD-blue (Supplementary Methods) (42). SA1 is modeled as a cubic, rigid domain that

carries a DNA-binding site within a groove (Fig. 7A). The groove enables SA1 to diffuse along
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DNA, but prevents bound molecules from bypassing each other. A previous electron microscopy
study showed that a TRF1 dimer can simultaneously bind two DNA binding sites with only loose
constraints on the distance or orientation between these two sites (43). Therefore, we
constructed a TRF1 model containing a DNA binding domain similar to SA1 (representing the
Myb domain), a flexible linker, and a dimerization domain which also carries an anionic group
(charge bead representing the acidic N-terminal domain, Fig. 7B). We modeled the interaction
between SA1 and TRF1 by allowing heterodimerization between the two proteins at the DNA-
binding domain. Two 1800 bp DNA strands were modeled as semi-flexible strings of anionic 1-
nm beads, which carry blocks corresponding to high affinity binding regions representing
telomeric DNA sequences (1200 bp) and low affinity binding regions representing genomic DNA
(600 bp). Based on previous studies of TRF1 DNA binding and fluorescence anisotropy
measurements of SA1 DNA binding affinity (Fig. 1A) (44,45), DNA binding constants where
chosen so that binding energies followed the order: (TRF1 on genomic) < (SA1 on genomic) <
(SA1 on telomeric) < (TRF1 on telomeric DNA).

Initially, we used MD simulations to establish TRF1 DNA binding modes that included
TRF1 dimer-mediated DNA-DNA pairing (Fig. 7C, left panels) (41). Next, we simulated SA1-
DNA binding (Supplementary Fig. S10A) and tested two computational scenarios: SA1+TRF1
with heterodimerization (Fig. 7C, right panels, Supplementary Fig. $10B) and SA1+TRF1
without heterodimerization. Under the simulation conditions, when only SA1 was present in the
simulations, 34% of SA1 was bound to DNA (Supplementary Fig. S10A). In stark contrast, in the
scenario of heterodimerization between SA1 and TRF1, all of the SA1 molecules were
associated with telomeric DNA and bound to TRF1 (Supplementary Fig. S10B). After binding to
DNA, SA1 molecules diffused along the DNA, until captured by a TRF1 molecule, which was
typically part of a TRF1 dimer. Meanwhile, in the scenario of an absence of heterodimerization
between TRF1 and SA1, only 18% of SA1 was bound to DNA. Importantly, the results were
identical at time steps of ~1, 2 and 4 ps. Thus, the simulations are robust and consistent with
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the experimental data (Fig. 5) showing that the interaction with TRF1 strongly enhances SA1
binding specificity to telomeric sequences. We note that the protein-DNA interactions are
dynamic in the sense that SA1 recruitment also influences TRF1 binding affinity, although the

net effect is relatively small due to the excess of TRF1 in the current MD simulation models.

DISCUSSION

Cohesin rings do not play a major role in sister telomere cohesion (22). Instead, this role is
taken over by the cchesin subunit-SA1 and shelterin proteins. Shelterin proteins normally
protect telomeres from DNA damage responses. However, their role in sister telomere cohesion
is unclear. Here, we used single-molecule imaging to shed new light on how SA1 achieves
telomeric DNA binding specificity, and how TRF1 modulates SA1 DNA binding dynamics. These
results demonstrated that SA1 and TRF1 function together in binding to telomeric DNA and

promoting DNA-DNA pairing.
Monte Carlo simulations suggest a two-state model for SA1 DNA binding

SA1 and TRF1 have distinct binding patterns along the chromosomes. In vivo, TRF1 is found at
telomeres (46). This property derives from the high propensity of TRF1 to remain within
telomeric regions due to a rougher diffusion energy landscape within these regions compared to
genomic sequences (28). In contrast, SA1 has wider roles in vivo exemplified by its distribution
along chromosome arms (47). Consistent with the roles of SA1 in vivo, in this study we found
that SA1 diffuses through both telomeric and non-telomeric regions. The diffusion constant of
SA1-QDs on T270 tightropes (~ 0.04 to 0.11 pm?¥s) was comparable with QD-labeled DNA
repair proteins including Mih (0.137 pm?%s), MIh1-Pms1 (0.02 — 0.99 ym?/s), and MutS (0.036
pm?/s) (48). Based on the Stokes-Einstein relation, the diffusion constant of free SA1 was
estimated to be ~0.22 pm?/s (using the hydrodynamic radius of SAv-QDs: 10.5 nm; and the

dimension of SA1 ortholog, yeast Scc3: radius at 6.2 nm) (49-51).
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Furthermore, the alternating telomeric and non-telomeric DNA sequences on DNA
tightropes allow us to pinpoint specific DNA binding events by correlating the distances between
repeated transient DNA binding dynamics with specific DNA sequences. Importantly, for SA1 on
T270, we observed defined distances between slow diffusion events consistent with spacing
between telomeric regions. These results demonstrate that SA1 diffuses more slowly over
telomeric sequences. In addition, on T270 SA1 diffusion shows alpha factors less than one,
suggesting that SA1 pauses amid free diffusion on DNA. These slow diffusion events are not
due to the hydrodynamic drag on QDs and the flexible linker between SA1 and QDs. Using
dissipative particle dynamics (DPD) simulations, we found that the linker extension was
independent of the nanoparticle size, and under no circumstances did a nanoparticle tag lead to
pausing (Riehn, unpublished results). To provide a mechanistic basis for the observed slow
diffusion at telomeric sequences, we applied Monte Carlo simulations and modeled SA1 existing
in one of two DNA binding states: 1) statically bound (recognition or reading) mode; 2) freely
diffusing (search) mode (Supplementary Methods, Supplementary Fig. S11). We assigned less
frequent pausing (8%) on non-telomeric DNA for SA1. As SA1 passes into a telomeric region
the equilibrium is shifted towards pausing with a 80% probability of entering the paused state.
By shifting the equilibrium between these two states we were able to reproduce the diffusive
behavior of SA1 with kymographs displaying periods of slow diffusion that coincide with the
positions of the telomeric regions (Supplementary Fig. S11). The strong qualitative correlation
between results from Monte Carlo simulations and single-molecule fluorescence imaging
suggests that the two-state model is a plausible mechanism for the observed fast and slow
diffusion events on telomeric DNA. Based on these Monte Carlo simulations, an important
prediction is that DNA sequence dependent SA1-DNA interaction energy landscape will
determine the statistical probability of SA1 being in the sub-diffusive/pausing state. Future
experiments need to be carried out to test the SA1-DNA interaction energy landscape involving
high frequency SA1 binding sites in vivo (47).
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SA1 N-terminal AT-hook domain has dual roles in both specific and nonspecific DNA
binding

The AT-hook is a small DNA binding motif that has been identified in proteins that play
important roles in modulating chromatin structure or functioning as transcription factors (40).
The NMR structure of an archetypal AT-hook protein HMG-I(Y) reveals that the AT-hook forms
a C-shaped structure with the concave surface inserted into the DNA minor groove (52). These
nonspecific interactions include hydrogen bonds or electrostatic interactions with the DNA
phosphate groups. Similar to full length SA1, a higher percentage of SA1-N displays long slow
diffusion events on T270 DNA compared to genomic DNA. These results indicate that the slow
diffusion events displayed by full length SA1 are mediated at least partly through its N-terminal
domain. Our results from using SA1 R37A R39A suggest that, similar to Lac repressor, the AT-
hock motif in SA1 plays dual roles in nonspecific DNA binding as well as in mediating pausing
events on DNA for achieving specific DNA binding. For Lac repressor, the same set of residues
involved in the highly specific DNA binding mode can shift and twist to participate in nonspecific
DNA binding (53). Our results are also consistent with the notion that thermally driven
conformational fluctuations in the DNA binding domains are effectively coupled to the 1-D
diffusion-mediated target sequence search (54). It has been suggested that there are at least
two different conformations of DNA binding domains. A DNA binding demain less ordered in
structure enables the fast-diffusing state, while more ordered in structure facilitates recognition
of specific DNA binding sites. Furthermore, the function of the AT-hook domain in SA1 is
reminiscent of the key “wedge residue” of Fpg, Nei, and Nth DNA glycosylases, which
modulates the diffusive behavior of these proteins in searching for DNA lesions (39). A two-state
search model has also been proposed for the transcription activator-like effector (TALE)
proteins (55). Future experiments could further investigate whether the two-state (searching and

recognition) model is universal for other DNA binding proteins containing the AT-hook motif.
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TRF1 confines the diffusion of SA1 within telomeric regions

As a result of the fast alternation between static and free diffusion, SA1 alone can diffuse across
multiple telomeric and non-telomeric regions and only temporarily slows down at telomeric
sequences. This study provides the experimental evidence for how TRF1 makes SA1 a
dedicated telomere binding protein. The observation that TRF1 tethers SA1 at telomeric DNA
regions and reduces its probability of entering into non-telomeric DNA regions offers a
mechanism by which SA1 can switch from the role of a protein functioning along chromosome

arms to one specific to telomeres.

Consistent with previous results (41), we observed TRF1-mediated DNA-DNA pairing in
our AFM images. Interestingly, we also found that the addition of SA1 significantly increased (p
< (.05) the DNA-DNA pairing tract length, as compared to TRF1 alene. This enhancement
depends on SA1 DNA binding. SA1 R37A R39 with diminished DNA binding affinity failed to
enhance TRF1-mediated DNA-DNA pairing. Under our imaging conditions (6.7 nM DNA, 30 nM
TRF1 and 50 nM SA1), while TRF1 molecules formed closely spaced molecules over the DNA-
DNA pairing region, SA1 sparsely decorated TRF1 protein tracts at random positions. It is worth
noting that the protein concentrations used in our single-molecule experiments are comparable
with estimated TRF1 concentration in vivo (56). Coarse-grained MD simulations suggest a
model where TRF1 stabilizes SA1 at telomeric sequences and enhances SA1 telomeric DNA
binding specificity. Due to their combined DNA binding energy, SA1-TRF1 complexes become
more stable than either TRF1 or SA1 alone on telomeric DNA. One mechanism of SA1 action
would be to enhanceTRF1 dimer-DNA linkages contributing to the stability and therefore the
increase in the length of the DNA-DNA pairing region. Future studies are needed to understand
how TIN2 modulates SA1-TRF1-DNA structures and sister telomere cohesicn in the context of

heterochromatin protein 1y (HP1y) and nuclecsomes (23,57).

SA1 DNA binding in the context of the core cohesin complex
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Cohesin-SA1 and SA2 subunits play different roles in sister chromatid cohesion, DNA
repair, and transcription regulation (24,58). SA1 deletion causes embryonic lethality (47),
demonstrating that SA2 cannot replace the function of SA1. Besides its function at telomeres,
SA1 is enriched at promoters and CTCF binding sites. However, by itself, SA1 does not display
specificity for CTCF consensus sequences. These results suggest that SA1 localizes at CTCF
binding sites through protein-protein interactions. SA1 also displays slow diffusion events on
genomic DNA, albeit with shorter dwell times and lower frequencies than on the T270 DNA
substrate. This raises the possibility that, much like at telomere sequences, frequent pausing of
SA1 at AT-rich promoters can lead to targeting of the core cohesin complexes to these regions.
A longer dwell time of SA1 at AT-rich sequences in its recognition (reading) mode could permit
the assembly of specific structures to carry out unique functions across the genome. Therefore,
we propose a model in which SA1 is the “DNA sequence guide” (using its AT-hook motif) for the
core cchesin complex. It directs the loading of the core cohesin complexes at specific
sequences along the genome. Finally, these results support a revised model for cohesin

assembily that requires both 1-D searching on DNA and DNA sequence specific binding by SA1.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR online, including Supplementary Methods,
Supplementary Figures S1-11, Supplementary Legends for Movies S1-3, and Supplementary
References [59-60].

FUNDING

This work was supported by the National Institutes of Health [RO1ES022944 to P.L.O.,

ROOES016758 to H.W, RO1GM107559 to R.R. and HW, RO1CA116352 to S.S., P30 ES025128
to CHHE at NCSU], and the Welch Foundation [C-1565 to Y.J.T ]. H.C. was supported by the
China Scholarship Council.

ACKNOWLEDGEMENTS

20



162

We would like to thank the Weninger and Riehn groups at NCSU for technical support, Wei
Qian at the University of Pittsburgh for purifying the genomic DNA, and Christian White at
NCSU for cloning the centromeric DNA substrate. We also thank Justin Lormand for purifying

the TRF1.

Conflict of interest statement. None declared.

21



163

FIGURE LEGENDS

Figure 1. Full length SA1 and SA1-QDs bind to telomeric DNA sequences with weak
specificity. (A) Fluorescence anisotropy experiments showing concentration-dependent binding
of 3xFlag-tagged SA1 (Flag-SA1) to DNA substrates containing 7 TTAGGG repeats (Tel7, red
dots) or scrambled DNA sequences (blue dots). The data were fitted to the law of mass action
(Supplementary Methods). The equilibrium dissociation constants are 34.0 (+ 5.8) and 104.0 (=
13.6) nM, respectively, for DNA substrates with telomeric and scrambled sequences (two
independent experiments). (B and C) Representative AFM images (left panels) and statistical
analysis of the full length Flag-SA1 (B) and SA1-QDs (C) (white arrows) binding to the T270
DNA substrate. Schematic drawings of the T270 DNA substrate and the QD conjugation
strategy (an antibody-sandwich method for the full length Flag-SA1) are shown in the top panels
in B and C. The purple arrows point to the estimated boundaries between the genomic and
telomeric sequences. Each data set was from at least three independent experiments with error

bars representing SEM.

Figure 2. Full length SA1 alternates between fast and slow 1-D diffusion on T270 DNA
tightropes. (A) Ligated T270 DNA substrate (top panel) and the DNA tightrope assay setup
(bottom left panel). (B-D) Dynamics of the full length Flag-SA1 on T270 DNA tightropes.
Kymographs of SA1 molecules being static (B), showing free 1-D diffusion (C), and alternating
between fast and slow 1-D diffusion (D) on T270 DNA. Scale bars (y-axis): 1 ym. Equimolar
concentrations of red (655 nm) and green (565 nm) QDs were used in SA1 conjugation. The
bottom panels in C and D show corresponding plots of diffusion constants (D;.) based on the
40-frame sliding window (2 s) MSD analysis. Each frame is 50 ms. The histogram on the right
side of the top panel in D shows the position distribution of SA1 along the T270 DNA tightrope.

(E) The distribution of pair-wise distance between nearest SA1 slow diffusion positions (N = 22).
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Figure 3. Long slow diffusion events by SA1 on DNA depend on the presence of
telomeric sequences. (A) Dynamics of the full length Flag-SA1 on DNA tightropes containing
centromeric sequences. Top: a schematic drawing of the ligated DNA substrate containing
centromeric sequences. Bottom: a kymograph showing a mobile QD-labeled Flag-SA1 complex
on the centromeric DNA tightrope. The scale bar (y-axis): 1 um. (B) Comparison of the static
and mobile SA1 populations on telomeric, genomic, and centromeric DNA tightropes. The
percentages of static SA1 molecules are 36% (N = 84), 11% (N =63), and 4% (N = 97) on
telomeric, genomic, and centromeric DNA, respectively. (C) The percentages of SA1 (out of all
mobile molecules) with long slow diffusion events (> 2.2 s) on telomeric, genomic, and
centromeric DNA. The mean values are 51.2% (N = 54), 17.6% (N = 56), and 24.1% (N = 93),
for telomeric, genomic and centromeric DNA substrates, respectively (from 2 or 3 independent

experiments). The error bars represent SEM.

Figure 4. The AT-hook motif in SA1 mediates nonspecific DNA binding and subdiffusive
dynamics on telomeric T270 DNA substrate. (A) A representative AFM image showing SA1-
N (white arrow) binding to T270 DNA. The purple arrows point to the estimated boundaries of
the telomeric region. (B) QD conjugation strategy: an antibody-sandwich method for Sumo-
tagged SA1-N. (C) Kymographs of QD-labeled SA1-N (green, top panel) and full length SA1
R37A R39 A (red, bottom panel) on T270 DNA tightropes. Scale bars (y-axis): 1 ym. (D)
Fluorescence anisotropy experiments showing concentration-dependent binding of 3xFlag-
tagged SA1 R37A R39A to DNA substrates containing 7 TTAGGG repeats (Tel7, left panel) or

scrambled DNA sequences (right panel). The data were from two independent experiments.

Figure 5. TRF1 tethers SA1 within a telomeric region on DNA. (A) EMSA of TRF1 (350 nM)
and SA1 (350 nM) in the presence of the Alexa 488-labeled DNA substrate containing 3
TTAGGG repeats (5 nM). (B) Schematic drawing of QD-labeling for TRF1 using the 5tris-NTA

linkage strategy. (C) Kymographs of Flag-SA1 and His-TRF1 proteins differentially conjugated
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with red Ab-QDs and green SAv-QDs using the antibody sandwich (Fig. 1C) and ®Ttris-NTA
linkage strategies, respectively. SA1-QDs (43.8 nM) and TRF1-QDs (62.5 nM) were incubated
together for 20 minutes before being diluted and injected into the flow cell containing DNA
tightropes. (D) On T270 tightropes, dual-color labeled SA1-TRF1 complexes display a higher
percentage of static complexes, compared to SA1 alone (red QD-labeled). The percentage of
static complexes is 35% (£4%, N = 44) for SA1 only, and 60% (£14%, N = 47) for SA1-TRF1
complexes. (E) Dual-color QD-labeled SA1-TRF1 complexes are confined within a short range
on T270 DNA, but not on genomic DNA (G-DNA). Dual-color labeled SA1-TRF1 complexes on
T270 display a higher percentage of complexes (68.2%, N = 44) with diffusion range less than
0.5 ym, compared to SA1 alone on T270 (red QD-labeled, 26.7%, N = 43), or dual colored SA1-
TRF1 on the genomic DNA (6.7%, N = 30). (F) On T270, dual color-labeled SA1-TRF1
complexes show slower diffusion constants (D = 0.0016 + 0.0006 pm?¥s, N = 44) and smaller
alpha factors (0.69 + 0.04), compared to complexes on genomic DNA (G-DNA, D = 0.03 + 0.009
pm?/s, alpha factor = 0.91 + 0.04, N = 30). Each data set was from at least three independent

experiments.

Figure 6. SA1 facilitates TRF1-mediated DNA-DNA pairing. (A-B) AFM images of T270 DNA
(6.7 nM) in the presence of TRF1 only (50 nM) (A), or both TRF1 (50 nM) and SA1 (30 nM) (B).
The white arrows point to the protein complex mediated DNA-DNA pairing. (C) A 3-D image of
the zoomed region from the top panel in B. (D) Protein tract lengths in the presence of only
TRF1 (white bars) or both SA1 and TRF1 (blue bars). SA1 and TRF1 together increase the
DNA-DNA pairing tract lengths to 92 + 7 nm (N = 50) from 66 + 4 nm (N = 40) for TRF1 alone.
Each T270 DNA length was normalized to the mean length of the T270 DNA substrate (1.70
um).

Figure 7. MD simulations of TRF1 and SA1 DNA binding. (A and B) Coarse-grained

structural models for SA1 (A) and TRF1 (B) used in the simulations. (C) TRF1 dimer mediated
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DNA-DNA pairing in the absence (left panels) or presence of interactions with SA1 (right panels).
Examples of zoomed regions from MD simulations show single (top panels) and multiple TRF1-
mediated DNA-DNA pairing (bottom panels). Overview pictures from MD simulations of SA1

alone and SA1+TRF1 are shown in Supplementary Fig. S10.
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Table 1: Summary from analysis of diffusion dynamics of QD-labeled full length WT SA1

SA1-N, and SA1 R37A R39A on DNA tightropes.

WT SA1-QDs SA1-N-QDs SA1 R37A R3%A
DNA D Alpha N % D Alpha N % D Alpha N
(um®s) factor (um?/s) factor (um¥s)  factor
T270 0.04 0.69 438 36 % 0.06 0.74 103 74.3 0.03 0.79 33
+0.01 +0.03 (N= +0.01 +0.03 % +0.01 +0.05
(0.02t0  (0.63to 84) (0.04t0  (0.68to0 (N= (0.01tc  (0.69to
0.06) 0.75) 0.08) 0.80) 88) 0.05)  0.89)
Genomic 0.14 0.89 36 1% 0.12 0.89 160 38.6
+0.03 +0.02 (N= +0.02 +0.02 Y%
(0.08tc  (0.85to 63) (0.08t0  (0.85t0 (N
0.20) 0.93) 0.16) 0.93) =103)
Centromeric 0.11% 0.82 75 4% - - - - 0.03 0.83 36
0.02 +0.02 (N= +0.01 +0.03
(0.07tc  (0.78to 97) (001t (0.77 to
0.15) 0.85) 0.05  0.89)

Note:

D: diffusion constant (mean * SEM)

%: percentage of mobile molecules with long slow diffusion events (> 2.2 s).

N: numbers of molecules analyzed for diffusion constant and alpha factors calculations.

The numbers in the parenthesis represent confidence intervals at the 95% confidence level.
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Figure 6
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Figure 7
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Supplementary Figure $1. Purification of His- and Flag-tagged full length 5A1 and
characterization of the oligomeric state of SA1 in selution. (A) Coomassie blue
stained SOS-PAGE gel of Flag-tagged WT SA1 and SA1 R37A R38A mutant (Genscript).
(B) Evaluation of the oligomeric state of the full length His-SA1 in solution using a gel
filtration column. Lanes 1-11, peak fractions from gel filtration.
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