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ABSTRACT

Many types of diseases including cancer and autism are associated with copy-number
variations in the genome. Most of these variations could not be identified with existing sequencing
and optical DNA mapping methods. We have developed Multi-color Super-resolution technique,
with potential for high throughput and low cost, which can allow us to recognize more of these
variations. Our technique has made 10-fold improvement in the resolution of optical DNA
mapping. Using a 180 kb BAC clone as a model system, we resolved dense patterns from 108
fluorescent labels of two different colors representing two different sequence-motifs. Overall, a
detailed DNA map with 100 bp resolution was achieved, which has the potential to reveal detailed

information about genetic variance and to facilitate medical diagnosis of genetic disease.
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CHAPTERI

INTRODUCTION

1.1 Genomic Variations

More than 99.9 % of the human genome is identical across all people. Small differences in
DNA lead to significant differences in human phenotypes. Two different people’s DNA may differ
one in every 1000 DNA bases. Genomic DNA differs because of mutations, mostly errors in
copying DNA. Mutations in a sperm or egg can be passed on to offspring and future generations.
All 46 chromosomes may have variations and these discrepancies vary from one chromosome to
another. Until recently majority of DNA was thought to be junk and non-functioning?. It was also
called non-coding DNAZ. Research by the ENCODE project, which is supported by the National
Human Genome Research Institute concluded that over 80% of DNA in human genomes has some
significant function®. This non-coding DNA has now been discovered to be important in the
genetic regulation of proteins such as transcription factors. Typically, variations in most of the
genome would affect regulatory elements as well. Currently, it is not very well known how much
these variations affect phenotype. There could be a wide range of phenotypic effects;
physiological, psychological, and physical traits. Physical traits could be things like height, body
shape, and eye and hair color; psychological could be being introverted or extroverted in
personality, tendency for depression or attention disorders; physiological could be resistance to
disease, low or high metabolism for digesting certain nutrients etc. However, genetic factors along
with experience and learning play roles in intellectual, social and personal attributes. For example,

genetic changes may not affect phenotype as in the example of the study, which showed that



removing about 0.1% of mouse genome did not cause any apparent changes in phenotype®.
Despite this study, there may be unnoticed changes in phenotype of these mice, requiring more
control experiments to ascertain. Many times, variations could be carried to following generations

and may lead to susceptibility to diseases in offspring.

Biodiversity is the result of these genetic variations. Genetic diversity would help
populations to adapt to environmental changes and is found in all species®. As an example, genetic
diversity in farming due to selective breeding could help to produce more yield and desired
products as well as high resistance to disease. It can also provide more resistance to disease in
human being. Genetic variation may also lead to genetic polymorphism, which is defined as the
presence of two or more different phenotypes in the same species. Even though genetic variation
may enrich the quality of populations and extend life expectancy in the case of certain genetic
polymorphisms, some variations may cause more problems in human life and lead to susceptibility
to certain diseases. Since we have very complex traits, changes in genes may also result in
malfunctioning in several different ways. Genetic risk factors are the effect of certain genes on the
tendency to develop certain diseases. The likelihood of individuals having diseases and sharing
certain similar traits is complex and still unknown because of the many unknown genetic factors.
Despite the unknown factors, recent advances in sequencing technology and sequencing large
populations have helped to identify genetic variations related to some traits, especially those
associated with human health. Personalized medicine, the practice of medicine based on a person’s
genomic profile will be more popular as we discover more of the genome and the connection

between genes and their relationship to traits.

Three major sources of genetic variation are mutations, gene flow form one population to

another, and genetic exchange through sex. Mutations can be positive, negative, neutral, or a mix



as we mentioned above. They could be harmful, either leading to serious disease, improve certain
traits or not have any affect at all. Mutations in non-productive cells may not be passed onto
offspring, but may still cause disease in the person they appear in. Mutations in productive cells,
like eggs and sperm, may result in big changes in phenotype. Even single point mutations may
cause serious problems. There are several reasons why mutations occur. While cells divide, DNA
might end up not being correctly copied and leading to mutations, one of the most common
reasons/factors for mutations. External factors could also create mutations such as, exposure to
radiation, chemicals, additives in food, and drug over dosage. A specific example, long time
exposure to Sun, causes mutations in skin cells leading to skin cancer®. Another reason for genetic
variations is gene flow, which is the migration of genetic elements from one population to another’.
Gene flow may introduce new genes to other populations as in the case of pollen. Also, sex can
create new genes through genetic shuffling between reproductive cells. It’s a well-known fact that
children can get different features from the maternal and fraternal sides. For example, the shape of
child's head might resemble its father but have some other trait such as eye or hair color similar to
its mother. But, it is also possible to end up with a completely new countenance not matching any

parental features.

Genomic variations can vary from single nucleotide polymorphism (SNP) to abnormalities
in chromosomes. Genome structural variations, changes in structure of an organism’s genome,
have several different forms, such as insertions, deletions, duplications, copy-number variants,
inversions and translocations. These may range in size from a few hundred basepair to several

megabases.

Single Nucleotide Polymorphism is a single nucleotide-A, G, C or T- change in the genome.

Most common SNPs have only two alleles (two variants, each with a different nucleotide in a



specific spot). SNPs are the main reason for genetic diversity. Since each individual has different
SNPs in their genome, it is used in DNA fingerprinting for forensic science. Synonymous and non-
synonymous SNPs are types of SNPs in the coding region of the protein. Non-synonymous SNPs
alter the protein sequence while synonymous don’t. As in all types of genomic variations, SNPs in
non-coding regions may affect transcription factors, RNA expression and gene silencing. The
international HapMap (haplotype map) Project was organized to discover SNPs in populations
around the world. The project started in fall 2002 and recent results were released with the Phase
111 dataset in spring 2009. HapMap 3 included 1184 individuals from 11 populations worldwide.
Overall, 1.6 million common SNPs were genotyped in this project®. As of last year, the NCBI SNP
data base listed over 180 million SNPs in humans. Many human diseases are associated with SNPs
such as cancer, AIDS, sickle cell anemia, and cystic fibrosis®> 2. The project also included research
about Copy Number Variations. Some SNPs increase susceptibility to disease as in case of ApoE
gene (Apolipoprotein E). Mutation in the ApoE is related to risk for Alzheimer disease*. SNPs in
PEMT gene (phosphatidylethanolamine N-methyltransferase gene) leads to choline deficiency,
associated with organ dysfunction®®. In another study, post-menopausal women who have 1958A
gene allele of MTHFR gene (Methylenetetrahydrofolate reductase) have 15 times more
susceptibility to organ malfunction with choline deficiency!®. All these studies relating nutrition
to genomics are good examples of genomic variations which may play important roles in

prevention of some diseases’’.

Chromosome abnormality in the large scale structure of the genome is easy to detect. It
could be an abnormality in one or more chromosomes®8. Karyotyping is the method to compare
individual’s chromosomes with normal chromosomes. Changes in chromosome number occur in

cell division after meiosis or mitosis. These changes are irreversible. Studies show that 15-20 %



of human oocytes may have chromosome abnormalities®.Changes in number of chromosomes is
frequently referred to as Aneuploidy. In general, missing or additional chromosomes are
responsible for defects during the embryo stage. Most of these irregularities result in miscarriage?.
Nearly all spontaneous abortions are the known to be result of chromosomal abnormalities. There
could be a missing chromosome or multiple chromosomes compared to regular diploid
chromosome numbers. Over 60 diseases are related to chromosomal abnormalities, the most
common ones are Klinefelter syndrome (47, XXY, extra X chromosome), Turner Syndrome (45,
X, missing Y chromosome), Patau syndrome (Trisomy of chromosome 13). Another well-known
aneuploidy is Down syndrome (Trisomy of chromosome 21). Some inherited syndromes may
cause predisposition to cancers in addition to the direct aneuploidy in tumor cells®. There are
many examples of aneuploidy in cancers such as leukemia which is associated with a copy increase

of chromosome 82224,

Deletions. Structural abnormalities in chromosomes have several forms as mentioned above. So
far, we stated chromosomal level abnormalities such as the case of a lost or duplicate chromosome.
There are other kinds of abnormalities related to particular portions of a chromosome. Deletions
are one of the possible forms of structural abnormalities as in case of Jacobsen syndrome, where a
terminal region of chromosome 11 which generally has a specific band 11924.1 is missing. This
syndrome is responsible for several physical abnormalities in the face, heart defects as wells as
intellectual problems?. Deletions can occur from either the end or interior of a chromosome. There
can be microdeletions of up to 5 kb regions of a chromosome which may include a few genes. In
most of these chromosomal abnormalities, especially deletions, if it includes many genes, fetuses
will spontaneously abort. Some short deletions in DNA sequences may alter protein synthesis and

may result in the loss of important proteins. There are also deletions in telomere regions of the



genome which may subtly affect intellectual disability?®. As we will point out in later parts of the
chapter, it is hard to identify short deletions with current sequencing methods. Recently, new
evidence of microdeletions effect on phenotype were discovered. A recent publication proposes
that the 5931 microdeletion leads to intellectual disability associated with changes in expression
pattern on LRRTM2%’. As mentioned earlier, several investigations have connected the link
between chromosomal deletion and cancer. According to Schimenti et al., the loss of the gene NF1
in gliblastoma is observed in 28 percent of human breast cancers?. Another study shows deletions
of the MTAP gene in a subgroup of endometrial cancer?®.

Inversions are another form of chromosomal abnormality. Inversion is the rotation of a gene 180
degrees before re-insertion at the same site. There are two types of inversion depending on the
location of chromosomes: Paracentric and Pericentric Paracentric inversions. Paracentric
inversions occurs in one arm of the chromosome does not include centromere. Pericentric covers
centromeres and leaves breaks in each arm. Carriers of paracentric inversions may rarely give birth
to phenotypic problems. On the other hand, occurrence of abnormalities is much higher in the case
of pericentric inversions. Most inversions are balanced inversions, where the genetic sequence is
not altered. It does not affect overall genetic material and therefore does not result in phenotypic
abnormalities. Most well-known inversions occur in chromosomes 4 and 8. The inversion on
chromosome 8 is 3.5 Mb and reported in 26% of health subjects. The one on chromosome 4 was
observed in 12.5 % of controls and was about 6 Mb in size¥®. These two inversions do not have
known phenotypic consequences. A recent study showed that a 4 year-old patient with
developmental delay problems due to balanced inversions unlike other findings (inversion of
14(q21g23)%L. Another study performed in Poland indicates that balanced chromosomal

rearrangements may be associated with abnormal phenotypes®. Unbalanced inversion means that



sequences of proteins or heir copy numbers are changed. Unbalanced inversion which disrupts
sequences of proteins may change the expression of several proteins and this causes significant
mutation/deformity. Certain inversions are connected to numerous diseases, such as the factor V111
gene with hemophilia®; IDS gene with Hunter syndrome; and the emerin gene with Emery-
Dreifuss muscular dystrophy. Problems may also occur in somatic cells, leading to cancer as in
the case of other abnormalities. Thyroid cancers in patients who are exposed to Chernobyl
radiation are linked to a 500 kb inversion on chromosome 10343, Current array based technologies
can’t locate many balanced inversions. They are estimated to be the most common inversion in the
human genome. Many of these may be associated with diseases and disorders®. Currently, there
are 914 inversions reported in the database. Most known inversions are in the range of 10 kb to
100 kb. Many may not have been discovered due to the resolution limit of current array base

technologies. In fact, smaller sized inversions could be counted as copy number variations.

Translocations are another chromosome abnormality caused by relocation of parts of
chromosomes. Similar to inversions, translocations could be balance or unbalanced depending on
how changes in genome affect changes in genetic codes. There are two classifications of
translocations, reciprocal and Robertsonian. Reciprocal are exchanges of DNA parts between
nonhomologous chromosomes. This variation may occur in one in 500 newborns®’. Most
reciprocal translocations are balanced and do not result in abnormal changes. There may be hidden
results of reciprocal translocations as well as inversions due to their indirect effect on phenotypes.
Some scientists think that autism could be the result of such abnormalities in the genome.
Robertsonian translocations are the rearrangement of two acrocentric chromosomes by joining
together by their whole long arms. It is basically nonreciprocal translocation and it could include

either homologous or nonhomologous chromosomes. In particular, Down syndrome is caused by



Robertsonian translocation of chromosome 21°s long arm onto chromosome 14’s long arm®,

Robertsonian translocations could be the result of malformation of genes in eggs and that are
effected during reproduction. Most common forms of this translocation are between chromosomes
14 and 15, 14 and 21, and 13 and 14. Several cancer types are known to be associated with
translocations. Translocations are found in many diseases such as Mantle cell lymphoma®
(t(11;14)(q13;932)) and Schizophrenia®® (t(1;11)(g42.1;q14.3)). Some translocations or deletions
may show up in offspring but may also be passed on to following generations. Due to that fact, it

is recommended to genetically test parents before getting pregnant.

Copy Number Variations (CNVs) are most common type of genomic variation. CNVs are
changes in the genome to having multiple copies of one or more parts of the chromosome.
Aneuploids may be considered large scale CNVs. CNVs are known to occur in 12% of the human
genome. CNVs in a single chromosome may vary from 6 to 18% of the chromosome. Sizes of
known CNVs may range from one kilobase to megabases*. Almost 3000 genes are known to have
copy number variants which amounts to 10% of all genes in the genome. One or multiple genes
may correspond to a copied DNA fragment. Thus, these genes may be expressed in multiple copies.
Smaller repeats, less than 1 kb, are even possible but not identified easily with current sequencing
methods. Copies may also correspond to non-coding regions of DNA which may be important to
other regulation mechanisms in cells. It is now believed that CNVs are more frequent (at least
three times) than SNPs because of the recent discovery of small size copy number variations*.
Genomes of unrelated people may differ 0.4% due to copy number variations*?. Deletions,
translocations and inversions may also be called copy number variations. Large numbers of CNVs
were discovered after the completion of human genome project*3#* Recent studies show that 17

conditions of the nervous system may be affected by CNVs, including Alzheimer’s and Parkinson



diseases. Having CNVs can either cause susceptibility or resistance to disease. Studies have shown
that cancer cells have increased copy numbers, as in the case of EGFR in non-small cell lung
cancer, which was found to have a higher copy using the FISH method*. Susceptibility to HIV
infection is also associated with copy number of the CCL3L1 gene®. Many studies shows links
between autism and copy number variations*’. A study by Sebat et al. has utilized multiple
detection methods to identify copy numbers in autistic patients. Their methods are comparative
genome hybridization (CGH), paternity testing, fluorescence in situ hybridization, cytogenetic and
microsatellite genotyping. Some of these methods will be explained later in the thesis. Overall,
they have linked 10% percent of patients with sporadic autism*®. A very recent study by Gai et al.
included new variations which could cause autism*. Schizophrenia is also associated with copy
number variants at 1921, 15911.2, 15q13.3, 16p11.2, 22912, and Neurexin 1 loci according to

several studies®®>!
1.2 High Resolution Imaging by Using Fluorescent Microscopy

Fluorescent imaging microscopy has been an essential tool for biologists for many years,
especially after the discovery of high yield fluorophores which can be used to tag DNA, RNA and
biological molecules. Recent improvements in optical resolution in fluorescent microcopy have
led to study of structures at a finer level of details than previously possible®-%2, Before such
advances in optical microscopy, electron microscopy has been used to inspect structural details.
However, electron microscopy requires samples fixation that can change native state of the system
under study. Furthermore, it is also difficult to label and image the target inside a cell with electron
microscopy. For instance, it is not yet possible to label nucleotides in situ separately to resolve

individual nucleotides and carry out sequencing. Hence, fluorescence microscopy is becoming



more popular in the life sciences®’, especially after the development of relatively easy methods for

target labeling of proteins and nucleic acids even inside living cells.

In general terms, image resolution is a measure of the amount of information in
reconstituting the image of an object. Therefore, higher resolution means being able to see more
details in the image. In optical microcopy, resolution is determined by the smallest distance at
which two closely spaced particles can be distinguished. Raleigh observed that resolving two lines
in a diffraction grating is limited when the diffraction peak of the first line overlaps with the first
minimum of the second. Two peaks become indistinguishable when distances between lines are
closer than this. For a microscope system with a numerical aperture, NA, and observation

wavelength lambda, the Raleigh limit is determined by

_1.22xA

R= [1]

2xNA

Thus, the lower limit of resolution is approximately 200 nm for visible light (A~500 nm), if using

an objective with a numerical aperture of 1.45.

Especially in biology, there are very specific questions related to distances between two or
more molecules. Answering such questions has led to an increased understanding of the
mechanism of several molecular systems. An important factor in resolving such distances is
localizing molecules with high precision. The localization error should be below the expected
distances between two molecules®®. The localization error for single molecules could be as low as
1.5nm which is achieved in our lab by using the technique called FIONA®. Last decade, new
imaging techniques have emerged based on FIONA. Super resolution could be achieved by
STORM and PALM techniques®>®>>° which facilitate the localization of densely labeled photo

switchable fluorophores. The fluorophores are sequentially activated and imaged. Super-resolution
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image is reconstructed from localization of the fluorophores after repeated cycles of this process.
Further improvements have been made to understand behavior macromolecules in vivo®-%°, Super
resolution optical fluctuation imaging (SOFI), Single-Molecule-Based Super-Resolution Images
in the Presence of Multiple Fluorophores (PHILM), Direct stochastic optical reconstruction
microscopy with standard fluorescent probes (dSTORM) which are able to resolve densely labeled
fluorophores and locating them individually over long time period. All these techniques are able
provide high resolution distribution of the interested particles in cell. FRET (Forster Resonance
Energy Transfer) has been most common method to understand mechanisms of interaction
between two or more molecules™, but it is limited by 5-10 nm distance range. Several other

methods has been used for co-localization of fluorescent probes within resolution range of 10-200

nm53,56,71,72.

Single molecule-High Resolution Imaging with Photobleaching (SHRImP)"® and Single-
molecule High-Resolution Co-localization (SHREC)™ have been combined to study high
resolution imaging of DNA and RNA molecules. SHRIMP can resolve adjacent fluorophores of
the same color with 10nm resolution by using the quantal photobleaching behavior of single
fluorescent dye molecules”. SHREC can measure distance between fluorophores in
macromolecular systems with better than 10 nm resolution by using two chromatically different
fluorophores. Fluorophores are imaged in separate channels by using a dual-view system and
localizing individually with high accuracy. SHRImMP can be extended to 3 or more dyes. Using
more colors and the multiple fluorophores for each color will increase the number of resolved
distances between individual molecules and provide more information about their structure.
Because of their feasibility and potentials to improve further, we focused on combining these two

techniques to work on our DNA mapping application.
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1.3 Imaging Techniques

1.3.1 FIONA (Fluorescence Imaging with One Nanometer Accuracy)

Our lab has achieved nanometer accuracy in locating fluorescence dyes by combining total
internal reflection microscopy and improving photon collection®. Total internal reflection
microscopy is used to obtain high signal to noise ratio which is crucial for getting higher resolution.
TIRF based on excitation and detection of fluorophores in a small volume of sample solution.
When the incident light is totally reflected at the interface between water and glass, occurring
evanescent wave illuminates and excites fluorophores in the solution that is adjacent to the
interface. The evanescent field decays exponentially and typically penetrates about 100 nm into
the sample (Figure 1.1). Snell’s law is used to calculate depth of evanescent field. The critical
angle is the lowest angle of incidence which total internal reflection starts. Critical angle can be
calculated by equation [2] in which n(2) is the refractive index of solution or buffer where the
sample is while n(1) is the refractive index of glass slide or coverslip. Total internal reflection

occurs at angles greater than critical angle.

— sip—1722)
Oc = sin D) [2]

Despite no light propagates to other medium (which is buffer), small amount of light pass across
the interface which is called evanescent field. Energy of evanescent field decreases by exponential

in decay in the z direction (which is direction perpendicular to the interface) as shown in equation

(3]

E(z) = E(0)e~%/4 [3]
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E(0) is the energy at the surface, E(z) is the energy at distance z from the surface, d is the
penetration depth. The penetration depth depends on the angle of incidence, refractive indices of

the solution and the glass and wavelength of incidence light as shown in equation [4]

A
- amx\n(1)? sinZ 6(1)-n(2)2

[4]

By this method, fluorophores which are specifically tethered surface can be excited. Emission
from non-targeted fluorophores in solution stray fluorescent, as well as Raman scattering from
water that causes background is substantially decreased compared to epi-fluorescent

microculminating in a much improved signal-to-noise.

In addition to TIRF microscopy, innovations in photon collection are crucial to obtaining
nanometer precision. Photon collection is greatly improved by the ability to extend the number of
photons a dye will emit before it photobleaches. Photobleaching is irreversible chemical damage
of a fluorophore. The localization of a fluorescent dye is inversely proportional to square root of
total photon number. The collection of more photons corresponds to a more precise localization.
To localize dyes, we fit the emission pattern of a single dye by a Gaussian function. For a given
numerical aperture (NA), the width of the Gaussian fit for single spot is determined by equation
[1]. We get a diffraction limit 223 nm, when we use 1.4 NA microscope and 532 nm green laser
(Figure 1.3). We can achieve nanometer accuracy by localizing position of the dye according with

precision given in equation.

52 a?/12 . 8ms*b?
R [5]
N N a?N2

In this equation, s is the standard deviation of the Gaussian fit, a is the pixel size of CCD camera,

b is the standard deviation of background, N is the total number of photons collected by the CCD
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camera. The last term under the square root is background noise. High signal to noise improves
the precision by minimizing this term. Collecting more photons and having long lasting dyes is

achieved by using an oxygen scavenging systems.
1.3.2 Single-Molecule High-Resolution Imaging with Photobleaching (SHRImMP)

SHRIMP was developed in our lab™, It is based using two identical fluorophores which
has distances between them as small as 10 nm. Conventional light microscopy is limited in
resolution to about 250 nm because of the diffraction-limited of light. Fluorophores within
diffraction limit appear as a single spot. FRET technique cannot measure distances over 10 nm.
With the SHRImMP technique, we can bridge the gap between distances resolvable by FRET and

distances resolvable by conventional light microscopy.

In SHRImMP, the two dyes are too close enough that their intensity profile overlaps. The
dyes photobleach stochastically (see Figure 1.4). To perform SHRImMP, first, we fit and localize
the remaining dye after the other dye has photobleached and then subtract its intensity from the
combined intensity profile of two dyes. Then, the second dye are fit and localized with high
accuracy. By measuring distance between each dye, two dyes can be resolved on the order of 10
nm. Three or more dyes could be resolved with same method with extended analysis. Gordon et
al. resolved two identical dyes which are attached to short DNA pieces at distances of 10, 17, and
51 nm. Balci et al”™ used the SHRIMP to measure the inter-head distance (30 nm) of myosin VI
molecules that are labeled with GFPs on the actin-binding of domains agreement with hand-over-

hand model.

Another method, NAMLS (nanometer-localized multiple single-molecule) microscopy

independently developed by Qu et at based on same principle. They resolved distances between
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five identically labeled fluorophores on DNA. Later on, multiple methods based on blinking of
fluorophores developed to resolve hundreds of dyes within diffraction limit as mentioned above.
Main advantage of these methods is using a single color of fluorophores which is very convenient
with single laser line of fluorescence microscopy. Besides, not involving chromatic aberration is

another advantage of the SHRImP method due to using single color imaging.

1.3.3 Single-Molecule High Resolution Co-localization (SHREC)

SHREC is another technique to measure distances between dyes within the diffraction
limit. It is based on FIONA and uses two chromatically different fluorescence probes. SHREC
uses two different laser colors to excite the sample. The emission from spectrally distinct dyes is
split by using a dual- view apparatus which contains a dichroic, two different emission filters, and
related optics (Figure 1.5 and Figure 1.6). The split image can be viewed in a CCD camera in two
channels. Mapping between the channels is achieved by using a nano-hole pattern and an advanced
mapping algorithm developed by our group. To measure distances with SHREC, spots in each
channel are fit and mapped onto each other. After measuring distances between mapped spots, we

can get resolution on the order of 10 nm.

Decreasing the mapping error is a major challenge in SHREC experiments. In the original
SHREC experiments, Churchman et al™®, used fluorescent beads which have emit light in both
green and red channels. They used a piezo nanonstage to move beads by 0.5 uM intervals across
the field of view. After fitting intensities and finding x and y positions in both channel, they
calculated mapping functions and found a mapping error using the target registration error
calculation (Equation 3). We achieve smaller mapping errors by using nanoholes which is designed

with chromium and silver on coverglass. 1.4 um spaced nanonholes were made using Focused
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lon Beam (FIB). We pass white light through the nanoholes and then, it splits into both channels
by a dichroic filter. After fitting spots in both channels by Gaussian fit, we calculate a mapping

function by comparing corresponding spots in both channels.

Functions f and g are calculated using a locally weighted mean method in equation 3 ™,

2 2 1/2
z’iilW{[(x CRCROR }Pi(XJ’)
3]

[(x—xi)2+(y—J/i)2]l/2}
Rn

f(xy)=

N W

with Wi(R)=1-3R%+2R3(0<R<1), Wi(R)=0(R>1) where R=[(x-xi)*+(y-yi)?]"*Rn

The Mapping error is determined by Target Registration Error (TRE) calculation. The best result
we have obtained is 2.3 nm, 30% smaller than the error obtained in the original SHREC
experiments. Since most our application needs to resolve distances on the order of 10 nm, 2.3 nm

mapping error indicates that SHREC is a very feasible for our application.
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1.4 Figures for Chapter |
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Figure 1.1: Objective type TIRF microscopy, the laser beam is
reflected at the interface between the coverslip and sample (sample

is illuminated about average of 100 nm in z-depth.)
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Angle of incidence vs. penetration depth
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Figure 1.2: Graph for angle of incidence vs. penetration depth. Current Objective TIRF set up
ideally gives about 100 nm penetration depth because it is hard to obtain higher angles. Lower
penetration depth is desired to get high signal to noise ratio.
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Figure 1.3: Top Left. CCD image of several Cy3 molecules. Right. Gaussian profiles of
all spots which can easily be distinguished from each other. Bottom Left. Gaussian profile
of single molecule. The width is ~250 nm, but the center can be located to within £ 1.5

nm accuracy.
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Figure 1.4: Top. A plot of total integrated intensity versus time for
three closely spaced Cy3 molecules, showing a three-step
photobleaching behavior. Middle. Several close spaced dyes. Some
of them are within diffraction limit. It is hard to resolve with regular
diffraction limited microscopy. Bottom. By using SHRImMP
method, we could locate each individual dyes with high precision.
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Figure 1.5: In the SHREC technique, dyes of two different colors are
split into two channels and localized by using FIONA. Top left:
Illustration of green and red channel separation with dichroic. Top
right: Image of nanoholes with both green and red channels.
Nanoholes is used as fiduciary marker. Bottom: Actual image from
DNA which is labeled by Cy3 and Cy5 dyes, then chromatically
separated into two channels. Our autospot finder code finds co-

localized spots in both channels.
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Figure 1.6: SHREC set up (two-color FIONA setup)
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CHAPTERIII

HIGH YIELD DNA STRETCHING FOR HIGH RESOLUTION SINGLE-
MOLECULE IMAGING

Having accurately stretched and fixed DNA is very important for obtaining high resolution
imaging with DNA and RNA. Both optical DNA mapping and DNA-Protein interaction studies
need a feasible technique that will provide stretching of DNA to its near-contour length and fix it
on the surface, so that fluctuations don’t cause errors. We have developed a new stretching
technique with an easy exchange buffer system, which yields uniformly stretched, high density of
DNA on surface. Using chloroquine and functionalized primers, our technique stretched DNA to
over 90% of contour length and achieved three times more surface coverage than comparable
methods. Three fluorophores within the “standard” resolution limit on stretched lambda DNA were
resolved by applying SHRImMP (Stochastic High-Resolution Imaging by Photobleaching). This
method could be used determine structural variations of long DNA molecules, to profile of the
alternative splicing variants of RNA, and to understand mechanisms of DNA/RNA-protein

interaction.

2.1 Overview of Stretching Methods

Several new DNA mounting methods were developed last decade to study DNA-Protein
interaction studies’®. Both DNA-protein studies and optical DNA mapping for genomic studies
need optimized DNA stretching systems. Such systems should give high yields so reasonable
statistics could easily be obtained. On the other hand, stretched DNA should be close to its contour
length so that localization of dyes or proteins on the DNA would have minimal fluctuations and
positions would map accurately to locations on the DNA. In addition, an easy buffer exchange

system is essential to run experiments with several sets of trials on a single sample. Recent
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techniques don