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ABSTRACT

Kinetics Analyses of Interactions between Oncogenic and Tumor Suppressor Proteins by

Quantitative High Resolution Microscopy Methods

Shu-Fen Tseng, PhD

The University of Texas at Arlington, 2013

Supervising Professor: George Alexandrakis

DAB2IP is correlated to the risk of aggressive prostate cancer and loss of DAB2IP not
only leads to epithelial-to-mesenchymal transition (EMT), but also makes cells radioresistant.
These observations support the notion that improved knowledge of DAB2IP involvement in
cellular pathways could be of help to cancer therapy. The goal of this work was to enable the
study of how DAB2IP and some of its known key molecular partners interact in the cell by a
combination of molecular biology techniques and recently reported quantitative fluorescence
microscopy methods.

The first part of this work was dedicated on investigating the interaction of DAB2IP with
the androgen receptor (AR). AR functions as a transcriptional factor, but how DAB2IP
influences AR transcriptional activity remains unclear. In this work, the results revealed that AR
transcriptional activity can be inhibited by DAB2IP by preventing AR nuclear translocation.

Furthermore, AR nucleocytoplasmic kinetics was shown to be associated with the level of



Dihydrotestosterone (DHT) by use of Number & Brightness (N&B) analysis that measures
molecular concentration.

The second part of this work was dedicated on investigating changes in the kinetics of
the DBAZ2IP protein after exposure to ionizing irradiation (IR). Whether DAB2IP was involved in
DNA repair pathways remains unknown. Our results showed that DAB2IP can repress radiation-
induced autophagy to prevent cancer cells from death. DAB2IP in combination with NU7441, a
DNA-PKcs inhibitor, was verified to enhance the radiation effect by suppressing autophagy.
Furthermore, upon radiation treatment co-localization of DAB2IP and yH2AX, a DSB marker,
was not observed. Also, DAB2IP foci in PC-3 and C4-2 D2 cells could not be measured post IR-
induction. Although DAB2IP may not directly relocate at DNA DSB sites, post radiation-
induction of DAB2IP-EGFP nuclear levels were gradually seen to increase with time.

The last part of this work focused on the development of novel quantitative microscopy
method to improve quantification of kinetics of proteins related to DAB2IP. The method relies
on the use of photoactivatable GFP (PA-GFP) to enable control of the fluorescent protein
concentration in the cell to improve the quantification of molecular diffusion coefficients by
Raster Image Correlation Spectroscopy (RICS). The results showed that the accuracy of
measuring the PA-GFP diffusion coefficient (23.5 pm®s) was 30% higher than with standard
EGFP expression at any time post-transfection. Subsequently, this method was applied to
quantifying the kinetics of PA-GFP tagged Skp2, a protein that regulates the degradation of
DAB2IP. The free diffusion coefficient of PA-GFP-Skp2 (16.8 pmzls) could be attained at the
estimated value, which was 40-60% higher than the value obtained for EGFP-Skp2 at any time
post-transfection, because this method could reduce the contaminating contribution from slowly
moving or immobile proteins to the RICS data. The combination of quantitative fluorescence
microscopy methods with photoactivation could be used in the future play for the improved

guantification of the kinetics of other cellular proteins of interest.
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CHAPTER 1
INTRODUCTION

Prostate cancer is the second leading cause for mortality in American males (Jemal et
al, 2005). The major cause of death is metastatic disease due to the development of castration
resistant prostate cancer. DAB2 interacting protein (DAB2IP), a potential prognostic marker, is
associated with the risk of aggressive prostate cancer (Chen et al, 2003), and loss of DAB2IP
causes epithelial-to-mesenchymal transition (EMT) to drive prostate cancer metastasis and
promote tumor growth (Xie et al, 2010). In addition, loss of DAB2IP in prostate cancer cells also
leads to resistance to ionizing radiation (IR). However, the current understanding on the
functional role of DAB2IP is not completely discovered. The main theme of this thesis was to
use a combination of quantitative fluorescence microscopy and traditional molecular biology
techniques to help expand the current knowledge on some aspects of DAB2IP function in the
cell after radiation exposure and the vital oncogenic proteins associated with DAB2IP. All the
relevant microscopy and molecular biology methods used in this work are described in Chapter
2.

Chapter 3 focused on investigating the effect of DAB2IP on the intracellular kinetics of
the androgen receptor (AR), a key oncogenic protein that associates with DABZ2IP. Both
development of the prostate gland and prostate cancer growth are associated with AR and its
signaling (Chen et al, 2008). In contrast to the expression of DAB2IP that decreases in
aggressive prostate cancer, overexpression of AR and increased intracellular activity are
observed in castration resistant prostate cancer (Dehm et al, 2008; Edwards et al, 2003).
Whether the function of DAB2IP is involved in AR signaling has attracted a lot of attention. In

this work, immunofluorescence and Number and Brightness (N&B) analysis, a quantitative



fluorescence microscopy method (Digman et al, 2008), were performed to investigate the
relationship between AR and DAB2IP and AR nucleocytoplasmic kinetics, respectively.

Chapter 4 was dedicated on exploring the possible role of DAB2IP on the repair of DNA
double strand breaks (DSBs) after IR exposure. These studies were motivated by reports that
loss of DAB2IP can cause prostate cancer cells to be more radioresistant, whereas prostate
cancer cells expressing DAB2IP become radiosensitive due to slower DNA DSB repair kinetics
(Kong et al, 2010b). However, whether DAB2IP was involved in DNA repair pathways remains
unknown. This work investigated if there were any changes in the cytoplasmic versus the
nuclear concentrations of DAB2IP as a function of time post IR-induction. The possible co-
localization of DAB2IP with yH2X, a DSB marker, was also investigated. The expectation was
that if these studies would yield positive results they would indicate the mechanism for the
involvement of DAB2IP in DSB repair.

While Chapters 3 and 4 were focused on the study of biological mechanisms of proteins
involved in prostate cancer, Chapter 5 was focused on the development of a novel quantitative
fluorescence microscopy approach for the improved quantification of the cellular kinetics of such
proteins. Specifically, a photoactivation approach was developed to control the fluorescent
molecule concentration in the cell, which in turn was shown to improve the accuracy of the
diffusion coefficient of these proteins as measured by Raster Image Correlation spectroscopy
(RICS). After this newly developed technique was validated by expressing photoactivatable
GFP (PA-GFP) in cells, the method was tested on prostate cancer relevant proteins that were
fluorescently tagged with PA-GFP. Unfortunately, initial experiments on a PAGFP-DAB2IP
protein were not successful in determining the diffusion of DAB2IP in the cell as most of the
fluorescent protein may be immobile. Subsequent experiments were focused on the kinetics of
PA-GFP tagged S-phase kinase-associated protein 2 (Skp2), a E3 ubiquitin ligase, that can
modulate cell cycle progression by ubiquitin-mediated degradation (Carrano et al, 1999).

Elevated expression of Skp2 is correlated with tumor grade (Yang et al, 2002) and conversely



loss of DAB2IP is correlated with tumor grade (Min et al, 2010). In addition, DAB2IP can be
down-regulated by Skp2-mediated ubiquitin degradation according to Dr. Hsieh’s unpublished
results. In this work, the use of PA-GFP as a tool to tune the photoactivated fluorophore
concentration was successfully used to improve the accuracy of the measured diffusion
coefficient of Skp2. The developed method can potentially be applied to any other protein of
interest that has a freely diffusing population fraction in the cell.

Finally, in the Conclusions section the salient findings of this work as well as the
unsuccessful studies performed in this work are discussed and future experiments to improve

on the latter are proposed.

1.1 Oncogenic and Tumor Suppressor Proteins

1.1.1 The Functional Role of DAB2IP

Prostate cancer is the most prevalent non-cutaneous diagnosed cancer in American
males, second only to lung cancer in the causes of cancer mortality (Jemal et al, 2005; Siegel et
al, 2011). Radical prostatectomy and radiation are the main forms of therapy for localized and
low stage tumors (Capasso, 2005). However, prostate tumors recur in 20 to 40 % of patients
after radical prostatectomy. Androgen deprivation therapy (ADT) is a standard treatment
method for patients with high stage tumors (=T3). Unfortunately, malignancies in these patients
will eventually cease responding to ADT and develop into a more aggressive and lethal
castration resistant prostate cancer. The major mortal cause of castration resistant prostate
cancer is metastasis-related disease (Sadar, 2011). The mechanisms that drive metastasis and
progression are poorly understood. However, growing evidence suggests that EMT should be
associated with cancer metastasis and therapeutic resistance (Baritaki et al, 2009).

DAB2IP, a member of the RAS-GTPase activating protein family, is a protein that has

been associated with EMT and treatment resistant prostate cancer. DAB2IP expression is



suppressed by aberrant methylation, which has been shown to be associated with prostate,
breast, lung, and gastrointestinal tumors (Chen et al, 2005; Dote et al, 2005; Dote et al, 2004;
Yano et al, 2005). Decreased DAB2IP expression has been observed in the majority of prostatic
intraepithelial neoplasia (PIN) and adenocarcinomas and its expression is inversely correlated
with Gleason grade (Min et al, 2010). Moreover, loss of DAB2IP leads to EMT transition, which
results in down-regulation of epithelial marker, E-cadherin, and up-regulation of the
mesenchymal marker vimentin, which promote tumor growth in vivo (Xie et al, 2010).

This latter finding by Xie et al. shows that DAB2IP can modulate the switch between [3-
catenin’s transcriptional and adhesive functions and subsequently regulate EMT. Except for the
enhancement of the cell-cell adhesion in adherent junctions of the cell membrane, -catenin
functions as a transcriptional co-activator by associating with T-cell factor/lymphoid enhancer
factor (TCF/LEF) transcription-factor complexes, and consequently induces the expression of
Slug or Twist, both transcription factors and oncogenic EMT inducers, which repress E-cadherin
expression (Bolos et al, 2003; Yang et al, 2004) and contribute to EMT (Eger et al, 2000;
Thuault et al, 2008). Therefore, nuclear 3-catenin/TCF transcriptional activity is crucial for the
induction of target genes associated with EMT. Also, DAB2IP can modulate cell survival and
apoptosis via phosphatidylinositide 3-kinases (PI3K)-Akt signaling. Thus, the loss of DAB2IP
results in the transcriptional reprogramming of abnormal survival signals and further induces
EMT (Xie et al, 2009). Deep understanding of the function of DAB2IP and the relationship
between DAB2IP and oncogenic proteins in the lethal form of this disease will provide

therapeutic potential and biomarkers for the prevention of castration resistant prostate cancer.

1.1.2 The function of AR and Relationship between AR and DAB2IP
AR, a nuclear hormone receptor, plays a critical role for the development of either male
reproductive organs or prostate cancer (Brinkmann & Trapman, 2000; Cunha & Young, 1991;

Donjacour & Cunha, 1993). The main function of AR is as a ligand-dependent transcription



factor that regulates the expression of target genes associated with cell proliferation, cell
survival, and differentiated cell function (Mooradian et al, 1987). Once AR is bound to androgen,
AR is dissociated from heat shock proteins as a result of a conformational change, and then AR
dimers translocate from the cytoplasm to the nucleus in order to bind the androgen response
elements (ARE) (Heemers & Tindall, 2007).

Therefore, ADT becomes the main treatment of prostate cancer. Most patients will
respond to this therapy, that initially reduces circulating prostate specific antigen (PSA) and
tumor burden (Seruga & Tannock, 2008). However, patients eventually develop androgen-
insensitive prostate tumors after global androgen suppression and cease to respond to the
androgen deprivation treatment if receiving continuous ADT. In contrast, several studies show
that intermittent ADT can postpone the time to develop CRPC, and also reduce the risk of side
effects associated with continuous ADT (Akakura et al, 1993; Saigal et al, 2007; Thompson et al,
2003).

Importantly, much evidence shows that the expression of AR is commonly elevated in
castration resistant prostate cancer (Bubendorf et al, 1999; de Vere White et al, 1997; Edwards
et al, 2003; Ford et al, 2003; Koivisto et al, 1997; Lapointe et al, 2004; Linja et al, 2001; Yu et al,
2004), and the transcriptional activities of AR also increase in 80% of castration resistant
prostate cancer cases. The increased AR activity results from constitutively active AR splice
variants in castration resistant prostate cancer (Dehm et al, 2008; Hu et al, 2009), the gain-of-
function mutations of AR in 10-30% of tumors such as increased AR sensitivity to androgen
(Gregory et al, 2001), and AR activation through crosstalk with other signaling pathways (Wen
et al, 2000). Another molecular mechanism for increased AR activity is the expression of
androgen synthetic enzymes up-regulated by tumor tissue (Locke et al, 2008; Stanbrough et al,
2006). These observations suggest that the development of castration resistant prostate cancer

is highly correlative with genetic modification in order to compensate for low levels of androgen.



Specifically, one of the mechanisms for AR signaling activity is that AR can become an
androgen-independent receptor activated by PI3K-Akt signaling (Wang et al, 2007). In the
absence of androgen, Akt, activated by HER-2/neu signaling though PI3K can phosphorylate
AR at serine 213 and 791, resulting in nuclear translocation of AR in order to induce AR target
genes (Wang et al, 2007; Wen et al, 2000). In contrast, DAB2IP is able to negatively regulate
PI3K-Akt signaling via its individual binding domain in order to modulate cell apoptosis and
proliferation. In addition, recent research shows that the expression of EZH2, a histone
methyltransferase, is frequently elevated in castration resistant prostate cancer and can be
negatively regulated through AR when androgen is induced in hormone-refractory cell lines
(Bohrer et al, 2010). Consequently, androgen-induced inhibition of EZH2 expression results in
the increased expression of its target genes, such as DAB2IP and E-cadherin in hormone-
refractory cell lines (Bohrer et al, 2010). Considering the conceptual association between AR
and DAB2IP, the AR activity is highly related to DAB2IP in castration resistant prostate cancer
cases. Moreover, these two proteins can serve as unique biomarkers or potential targets for
treatment in the development of castration resistant prostate cancer. However, the impact of the
interaction between DAB2IP and AR in the development of castration resistant prostate cancer
has not yet been carefully examined. To further investigate this interaction, quantitative

fluorescence microscopy combined with molecular biology methods were used in this study.

1.1.3 Radiation Therapy Combined with Targeted Genetic Therapy of DAB2IP

Although ADT which mainly modulates AR signaling activity is the standard therapy for
advanced prostate tumors with >T3 stage, most patients undergoing therapy eventually develop
lethal androgen resistant prostate cancer. In medical application of treatments, radiation therapy
also plays an important role as a treatment modality of advanced prostate cancer with T1-T3
stage, in addition to androgen depletion therapy (Kaprealian et al, 2012; Schmitz et al, 2010).

However, the appropriate dose of radiation, limited to < 80 Gy because of the increased risk of



toxicity, commonly results in either radiation resistant prostate cancers after treatment or radio-
recurrent prostate cancer repopulating the irradiated site. Specifically, patients undergoing long-
term hormone therapy could have higher biochemical failure rates after radiation treatment (Wu
et al, 2007). In addition, clinical evidence shows that less than 80% of patients have distant
metastasis-free 5 year survival after radiation therapy (Pollack et al, 2000; Pollack et al, 2002;
Rosen et al, 1999). Compared with radiotherapy alone, clinical observations reveal that
radiation therapy in combination with androgen depletion therapy, immunotherapy or gene
therapy could exert enhanced antitumor activity and enhanced efficacy of therapies for
preventing treatment failure (D'Amico, 2002; Finkelstein & Fishman, 2012; Freytag et al, 2003;
Lee, 2006). Moreover, abnormalities of several genes, such as p53, Bcl-2, PTEN and DAB2IP,
are highly correlated with radiation-resistant prostate cancer (Cowen et al, 2000; Kong et al,
2010b; Scherr et al, 1999; Tomioka et al, 2008), and therefore can be potential target genes for
a combination therapy with radiation.

Most importantly, previous observation reveals that loss of DAB2IP frequently occurs in
advanced prostate cancer, and enhances the resistance of prostate cancer cells to ionizing
radiation (IR) because of faster DNA double strand break (DSB) repair kinetics, robust G,-M
checkpoint control and reduction of IR-induced apoptosis (Kong et al, 2010b). The co-
localization of histone 2A family member X (H2AX) phosphorylatiion and tumor suppressor p53-
binding protein 1 (53BP1), which function as a scaffold for recruiting DNA repair proteins
(DiTullio et al, 2002; Fernandez-Capetillo et al, 2002; Markova et al, 2007), occurs at sites of
DNA DSBs upon IR-induction. Fluorescently tagged forms of these proteins are typically used
as indicators of DNA DSB repair kinetics as they both accumulate in high numbers at DSBs to
form foci, or ‘hot spots’, that are easily discernible in microscopy images (Schultz et al, 2000).
The finding in Kong et al. (2010) reveals that the DSB repair rate in DAB2IP-deficient cells is
significantly faster than in control cells according to the number of remaining co-localized foci

formed by yH2AX and 53BP1 post IR-induction. Also, a robust G,-M checkpoint in DAB2IP-



deficient cells post IR induction is determined using histone H3 phosphorylation staining by flow
cytometric analysis. Then, DAB2IP-deficient cells undergoing apoptosis at 48 hours post IR
induction are detected by using Annexin V/7-AAD staining (Kong et al, 2010b). In addition,
DAB2IP can modulate cell survival, apoptosis and proliferation by coordinating the PI3K-Akt
pathway and loss of DAB2IP expression in prostate cancer cells can cause resistance to stress-
induced apoptosis (Xie et al, 2009). According to these observations, we speculate that DAB2IP
can be a possible prognostic marker to improve tumor cure and control in selecting patients with
IR resistant prostate cancer. Furthermore a potential peptide therapy of DAB2IP in combination
with radiotherapy could be developed to enhance the radiation-sensitizing effect in advanced
prostate cancer However, the mechanism by which DAB2IP-deficient prostate cancer cells
become radiation resistant remains poorly understood. To interrogate this mechanism, further
experiments are needed to elucidate the functional role and kinetics of DAB2IP after radiation

treatment.

1.1.4 The Function of Skp2 and Relationship between Skp2 and DAB2IP

Skp2, a member of the F-box protein family, constitutes one of the four subunits of the
ubiquitin ligase complex (Skpl-Cullinl-F-box). Skp2 has been reported to regulate cell
proliferation and cell cycle progression by ubiquitin-mediated degradation of its substrates, such
as p27 and p21 (Carrano et al, 1999; Yu et al, 1998). Previous studies show that p27
degradation is regulated by Skp2-mediated nuclear ubiquitination (Lee & Kay, 2008), and Skp2-
mediated ubiquitinating Nijmegen breakage syndrome (NBS1) is required for ATM recruitment
to the DNA foci upon DSBs (Wu et al, 2012). Moreover, a recent study shows that development
of prostate cancer is restricted by triggering cellular senescence due to the increase of p21 and
p27 expression in Skp2 deficient cells (Lin et al, 2010). The increased expression of Skp2 has
been detected in prostate cancer tissues, and an increase in its expression is correlated with

higher tumor stage, grade and recurrence after radical prostatectomy (Yang et al, 2002). The



observations mentioned above suggest that the DAB2IP expression levels trend in the opposite
direction relative to Skp2 ones in prostate cancer in vivo. DAB2IP  contains several potential
functional domains, including PH, C2, GAP, PER, LZ and PR domains (Xie et al, 2009).
Previous study reports that the PR domain of DAB2IP can bind to PI3K and further inactivate
Akt, a regulatory protein that controls cell growth and apoptosis (Xie et al, 2009). Interestingly, a
previous study shows that the decrease in the phosphorylation of Aktl can result in the down-
regulation of Skp2 (van Duijn & Trapman, 2006), because phosphorylation of Skp2 at Ser-72 by
activated Aktl weakens APC-Cdhl-mediated degradation of Skp2 and leads to Skp2
cytoplasmic translocation (Gao et al, 2009). Furthermore, the C2 domain of DAB2IP is capable
of binding to protein phosphatase 2 (PP2A) which can regulate 3-catenin phosphorylation and
degradation (Zhang et al, 2009), and glycogen synthase kinase 3 beta (GSK-3@), which can
regulate B-catenin degradation (Akiyama, 2000), and further form a complex, leading to the
inhibition of nuclear B-catenin/TCF transcriptional activity (Xie et al, 2010). In contrast, -catenin
or TCF can bind to a Skp2 promoter sequence causing the up-regulation of Skp2 (Tang et al,
2009). Considering these observations, we speculate that DAB2IP could suppress the
expression of Skp2 via PI3K-Akt activity signaling or B-catenin/TCF activity signaling.

On the other hand, Skp2 can degrade DAB2IP through an ubiquitin-proteasome
mechanism according to Dr. Hsieh’s unpublished results. Skp2 can interact with DAB2IP to form
a complex defined by co-immunoprecipitation (Co-IP), in which an antibody against a specific
protein of interest is used to precipitate protein complexes formed by the protein in cell lysate.
Taken together, these findings suggest that the reciprocally causal relationship between Skp2
and DAB2IP could possibly exist in prostate cancer cells. Most importantly, abnormal
expressions of Skp2 (Yang et al, 2002) and DAB2IP (Chen et al, 2003) frequently occur at the
development of aggressive prostate cancer, and these two proteins could be used as either
prognostic biomarkers for the personalized treatment of prostate cancer, or as therapeutic

targets to enhance treatment effects. Therefore, these observations strongly suggest that deep



understanding of the functional role of Skp2 and its signaling activity in either DAB2IP-deficient
prostate cancer cells or even control cells could help improve the treatment of advanced
prostate cancer.

1.2 Quantitative High Resolution Microscopy Methods Applied to Living Cells

1.2.1 Fluorescent Probes for Studying Protein Dynamics in Living Cells

In recent decades, fluorescence microcopy has been widely used in biochemistry and
biophysics, and fluorescent proteins have been used as tags to enable the study of the structure
and function of live cell systems in a broad range of applications. Moreover, the development of
new fluorescent probes and the constant development of new equipment drive a rapid evolution
in fluorescence microscopy methodologies. A growing body of literature about fluorescence
microscopy strongly suggests that deep understanding of the photophysical properties of
fluorescent proteins and of fluorescence microscopy instrumentation is a prerequisite for the
further development of methods that are of value to biologists and clinicians.

1.2.1.1 The Florescence Principle

Fluorescence originates from a molecule that absorbs excitation light and re-emits a
portion of the absorbed radiant energy as light at a longer wavelength. This phenomenon is
named Stokes shift, which was first observed by Sir. George Gabriel Stokes at the University of
Cambridge in 1852. Another useful approach, Jablonski diagrams named after Professor
Alexander Jablonski, is used to depict the processes occurring between the emission and
excitation (Fig.1.1) (Lichtman & Conchello, 2005). Light emission typically results from the
electronic transition from an excited singlet state to the ground state. The typical emission rate
of fluorescence is in the neighborhood of nanoseconds (ns) with typical fluorescence lifetime in
the 1-10 ns range.

In Fig. 1, Sp, S1, and S, belong to a singlet state and T, belongs to a triplet state. Singlet

state means that a pair of electrons with opposite spins resides in a single electronic orbital.
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Triplet state means that a pair of electrons can occupy two separate electronic orbitals with
spins parallel to each other as this is allowed by Pauli’'s exclusion principle. S; and S, are
excited states where the energy in the excited state S, is higher than that in excited state S;.
After a fluorescent molecule is excited, an electron will transit from the ground state to either
excited state S; or excited state S, and the electron will most rapidly relax to the lowest excited
state S;. This process is called internal conversion and results in partial loss of the absorbed
light energy as heat to the environment. Subsequently, the electron returns to ground state and
at the same time a fluorescence photon is emitted. The partial energy loss is the reason why the
emitted fluorescence photon has a longer wavelength than the absorbed one. Additionally,
intersystem crossing can also occur occasionally through a non-radiative transition. During
intersystem crossing, electrons in excited state S; undergo a spin conversion to the first triplet

state T;. However, the descent from T1 to the ground state is a forbidden transition and the

emission rate is very low ( to - ) compared to fluorescence. The longer lifetime

emission of light from T, to Sy is known as phosphorescence.
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Figure 1.1 Jablonski diagram

1.2.1.2 Optimal Florescent Protein Selection for Microscopy Applications
Typically, the characterization of the best available fluorescent proteins is determined

by six factors: Efficiency of maturation, brightness, sufficient photostability, monomeric fusion
11



tag, less environmental sensitivity, and minimal crosstalk between excitation and emission
(Shaner et al, 2005). The detected brightness of fluorescent proteins is dependent on both their
intrinsic brightness and the properties of the optical setup. The intrinsic brightness of proteins
depends on their quantum yield, extinction coefficient and maturation efficiency. These
properties cannot be changed, and therefore the selection of the fluorescent protein indicator for
an experiment should be performed before genetically tagging it to a protein of interest
(Chudakov et al, 2010; Shaner et al, 2005). Importantly, a comparison of brightness among
fluorescent proteins from different literature reports should take into consideration any
differences between optical setups, including excitation intensity, excitation wavelength, dichroic
mirrors and emission filters, and light detectors used.

Photostability is a critical parameter for quantitative fluorescence microscopy. However,
it is very difficult to directly compare the reported photostability between fluorescent proteins
used in different studies because there are details such, as the cellular environment that may be
different in each study. To determine photostability in practice, cells expressing fluorescent
proteins are photobleached with continuous illumination and continuous images are recorded to
provide a photobleaching intensity curve.

Maintaining protein function after fluorescent tagging is also a critical consideration.
Specifically, many fluorescent proteins are inherently dimeric or tetrameric, which could cause
aggregation of proteins inside cells and affect the localization of proteins of interest after tagging.

Finally, to investigate the interaction of proteins, the crosstalk in emission spectra
between fluorescent proteins is a main concern. The crosstalk in the emission spectra can be
reduced by using a proper optical setup, which would include appropriate emission filter and
dichroic mirror selections.

In addition to selecting fluorescent proteins with optimal photophysical properties for a
specific microscopy application, researchers now also have the capacity to use fluorescent

proteins that can be turned on from a dark initial state. Such proteins have found use in super-
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resolution microscopy (Bates et al, 2008), and of more interest to this work, have been used as
a means of controlling fluorescent molecule concentration (Hess et al, 2006). Among the
currently available photoactivatable protein variants, the photoactivatable green fluorescent
protein (PA-GFP), a GFP variant, has attracted a lot of attention (Annibale et al, 2011; Bates et
al, 2008; Hess et al, 2006; Runions et al, 2006). PA-GFP can be turned onto a fluorescent state
by UV-blue light and then excited for fluorescence emission at 488 nm, which is the same as
GFP. The original wild type GFP (WT-GFP) has a major absorbance peak at 375 nm and a
minor absorbance peak at 488 nm (Patterson & Lippincott-Schwartz, 2004). Replacing
threonine at position 203 in the amino-acid chain of WT-GFP with histidine gives rise to a
variant, photoactivatable form of GFP, called the PA-GFP with a single absorbance peak at 397
nm (Patterson & Lippincott-Schwartz, 2002). Upon illumination of the protein with 405 nm light,
the absorbance peak of PA-GFP irreversibly switches from 397 nm to 488 nm so that the
fluorescence at 488 nm excitation dramatically increases after photoactivation (Henderson et al,
2009) as shown in Fig. 1.2. Therefore, the concentration of proteins tagged with PA-GFP
becomes adjustable to yield higher signal amplitudes and better signal-to-noise (Vorvis et al,
2008). In this work, the control of fluorescent molecule concentration has been studied as a

possible means of improving the quantification of molecular kinetics.

23
Tyréé H h Tyr66
Gly67
",Cr\ Photoactivation J m
k —_— ) y
_ 405 nm : \
Neutral SQFU‘ P.:nior;i:: SerU‘
Phenol - ) enolate =
: < ; L <
Native % G2z Photoactivated ®
Species 1

_ Species : G
Dark) & e Green) & 4 ) e

Decarboxylation

Figure 1.2 Mechanism of photoactivation fluorescent protein (Shaner et al, 2007)

13



1.2.2 High Spatial Resolution Fluorescence Microscopy Methods

1.2.2.1 Confocal Microscopy

A typical high spatial resolution fluorescence microscopy setup contains an inverted
microscope, excitation lasers, a high numerical aperture (NA) (>1) objective lens, appropriate
dichroic mirrors, emission filters and light detectors. Of important role to the spatial resolution of
measurements is to have the smallest possible diffraction limited spot, created by overfilling of
the back aperture of the objective using a beam expander. A higher NA objective also helps
increase the spatial resolution and improve excitation and collection efficiency. To improve
sensitivity of signal collection versus reducing sources of background signal, an anti-reflection
coating is used as part of the objective design to reduce signal loses due to reflection as well as
reduce the background from the back-scattered light. Sensitivity of signal collection is also
affected by appropriate choice of dichroic mirror and emission filters to be placed in front of the
detectors. Photon counting mode light detectors, such as avalanche photodiodes (APD), or
sensitive low-noise photomultipliers (PMTs) need to be used to provide better rejection of noise.
Finally, an x-y galvanometer-driven scanner provides the focal-point positioning during raster
scanning the excitation beam to form a pixel-by-pixel fluorescence image. Confocal microscopy
is used to improve the resolution and contrast of fluorescence images by elimination of
unwanted light using a pinhole in front of the detector (Stephens & Allan, 2003). The first
commercial confocal microscopy system was built in the early 1990s. To avoid the out-of-focus
fluorescence reaching the detector, a pinhole is designed to have a size that is approximately
the diameter of the diffraction-limited spot, after taking into account the magnification of all
collecting optics in the fluorescence path. Additionally, the size of pinhole is used to determine
the thickness of optical sectioning, limited by the axial length of point spread function (PSF). For
a small pinhole, the PSF is assumed to approximate a 3D Gaussian profile at the focus, which

can be mathematically expressed as follows (Chen et al, 1999):
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, where w2 and w? are the 1/e” radial and axial radii of the beam waist.

1.2.2.2 Two-Photon Microscopy

In contrast to confocal microscopy, two-photon microscopy provides larger depth
penetration and confocal axial resolution without a pinhole due to the inherent optical sectioning
nature of the excitation process (Fitzpatrick & Lillemeier, 2011) as shown as in Fig. 4. Maria
Goeppert-Mayer predicted in her doctoral dissertation that a multiphoton excitation processes
could exist by which a fluorophore could be excited by multiple photons of lower energy adding
up coherently, rather than by one photon of higher energy (So et al, 2000). Experimental
verification of a two-photon excitation process first came from Kaiser and Garret (Kaier W,
1961). The two-photon excitation process occurs on a fluorophore that simultaneously absorbs
two photons, each with one-half of the excitation energy as that used for one photon excitation.
Two-photon excitation is a nonlinear process and the emission of a fluorophore is proportional
to the quadratic excitation power. In addition, this process can only be achieved by using high
power pulsed lasers, such as Ti:Sapphire laser, which can provide extremely high light intensity
over very short (femtosecond) time intervals. The two-photon excitation application in the
biological sciences combined with laser scanning microscopy was first published by Denk et al.
in 1990 (Denk et al, 1990). Most importantly, the probability of simultaneous absorption of two
photons outside of the focal plane is significantly lower than that at the focal plane (Fig. 1.3).
Therefore, two-photon microscopy naturally creates the property of optical sectioning and also
reduces the photodamage and photobleaching occurring outside of the focal plane. In cellular
applications, two-photon microscopy is more suitable due to the reduction of photodamage and
photobleaching. However, it is not prevailing because of its high cost and maintenance

requirements.
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An important parameter for efficient fluorescence excitation in two-photon microscopy is
the two-photon absorption cross-section of the fluorophore, which indicates the probability of the
simultaneous absorption of two photons (Drobizhev et al, 2011). Two-photon absorption cross-
sections are typically in the order of 10 (m4 s), and therefore a short-pulse lasers is required
to produce the high light fluxes needed for efficient two-photon excitation (Diaspro et al, 2005).
The unit of two-photon absorption cross-section is called as Goeppert-Mayer, and 1 GM is
equal to 10°° (m* s/photon) (Drobizhev et al, 2011). Importantly, for minimizing the effect of
thermal damage inside the cells a fluorophore with high value of two-photon absorption cross-
section is required due to the high ratio of the energy absorbed to the input energy (Albota et al,
1998). The spectra for two-photon absorption cross-sections cannot be directly predicted from
the corresponding one-photon absorption cross-sections (Diaspro et al, 2005). There are
typically two peaks in two-photon absorption cross-section spectra. One peak of the two-photon
absorption cross-section occurs at the wavelength around twice that need for one-photon
absorption, and another one occurs at much shorter than that needed for one-photon absorption,
where the one-photon absorption cross-section is comparatively weak. Most importantly, the
two-photon absorption spectra typically span the near-infrared wavelength range, which is
distant enough to facilitate spectral separation from the fluorophore emission spectra as well as
from any autofluorescence background. A short-pass dichroic mirror in combination with a
band-pass emission filter can easily filter out the excitation light and Raman scattering, and also
minimize the loss of emission intensity (So et al, 2000). In contrast, one-photon excitation
spectra are much closer to their emission spectra and a dichroic mirror with long-pass and a
band-pass emission filter could be used to filter out excitation light at the cost of also eliminating
a fraction of the emission light. Furthermore, for a thick specimen the fluorescence photon
trajectories can be changed by multiple scattering Signal attenuation from thick tissues is a
bigger problem for confocal microscopy as the emission pinhole used to reject the out-of-focus

light will also reject a lot of the scattered light that nevertheless had originated from the focal
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volume. Conversely, fluorescence signal loss is minimized in two-photon microscopy due to
natural property of optical sectioning that obviates the need for a pinhole thus enabling
improved collection of scattered light. In addition, the excitation volume is approximated
assumed by a Guassian-Lorentzian shape, which can be mathematically expression as follows

(Chen et al, 1999):

w3 [ 2(x2+y2)]
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Where w3 is the radial e™ value of the beam waist, and A is the excitation wavelength.

Figure 1.3 The location of fluorescence excitation volume created by (a) one-photon excitation,

and (b) two-photon excitation (Zipfel et al, 2003)
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1.2.3 Fluorescence Correlation Spectroscopy (FCS)

Fluorescence Correlation Spectroscopy (FCS) is a technique that provides information
on protein concentration, dynamics and protein interactions under real-time conditions (Rossow
et al, 2010). The diffusion of fluorescently tagged proteins through the defined illumination
volume results in fluorescent fluctuations, which are detected and recorded within 10-50 second
intervals. The recorded time-series are then processed by the autocorrelation function G(1):

_ <OF ()BF(t+1)>

G=— 2

(4)

, where F(t) is the intensity of fluorescence measured at time t, < F(t) > is the average
fluorescence intensity, and dF(t) is the difference between the two (8F (t)=F(t)-<F(t)>). F(t+1) is
the fluorescence intensity measured at time t+1, where 1 is a delayed time point. The
fluorescence intensity is proportional to brightness, detector efficiency, excitation intensity and

molecular concentration (Palmer & Thompson, 1987), as shown in Eq. 5:.
6F(t)=F(t)-<F(t)>=BrfCEF(r)Iz(r)BC(r,t)dV (5)

In Eqg. 5 the fluctuation of fluorescence intensity is proportional to four parameters which
are brightness of fluorescence B,, the function of collection efficiency equipment CEF(r),
excitation intensity I(r) and local concentration at time t, 8C(r,t). In addition, two-photon
excitation is a nonlinear absorption process that is the simultaneous absorption of two photons;
therefore the fluorescence intensity is proportional to the square of excitation intensity I(r).
Furthermore, the fluctuation 6§C(r,t) depends on the biophysical model describing the underlying
kinetics. The simplest and most popular model assumed is that of pure diffusion for a single
molecular species (Magde et al, 1974). The resulting solution to the diffusion equation for §C(r,t)

results in the autocorrelation function described in Eq. 6 (Haustein & Schwille, 2003).
112
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2
, Where 14 is the characteristic diffusion time (Td=:J—E')), K is dimension ratio of the confocal

volume principal axes ( K2=% ), I is the radial dimension; z, is the axial dimension, and D is the
z

2
molecular diffusion coefficient. The characteristic diffusion time can be calculated by Td=:’—|;

2
when using one photon excitation, and Td=;’—5 when using two-photon excitation according to the

corresponding shape of the illumination volume. The experimentally derived correlation curves
are then fitted to Eq. 6 above by the Levenberg—Marquadt non-linear least squares algorithm
where D and N are the fitting parameters (Fitzpatrick & Lillemeier, 2011). As the FCS signal
amplitude, G(0), is proportional to 1/N, lower fluorophore concentrations lead to higher signal
amplitudes. In this work we devised a strategy in which photoactivatable green fluorescence
protein (PA-GFP) was used, alone or fused to the proteins of interest, to control the signal
amplitude in FCS, as well as the signal amplitude in related quantitative fluorescence
microscopy methods described further below, which we show leads to more accurate
quantification of D.

In live cell experiments a fraction of the fluorescently tagged protein interacts with other
proteins or cellular structures and is therefore of lower mobility. Though there have been
attempts to infer the detailed binding-unbinding dynamics of proteins by FCS (Roche et al, 2008)
most of these studies have been performed in vitro. In practical reality the heterogeneity of the
living cell environment makes it hard to resolve binding kinetics from other competing
biophysical models, and most researchers default to using a simple two-component diffusion
model where the second, slower, component reflects the interacting protein fraction. This two-
component diffusion autocorrelation model is expressed as follows (Bacia & Schwille, 2003;

Brazda et al, 2011) in Eq. 7:

-1/2

G(H=~ (1+ ! )_1 (1+K2T> . (1+ ! )'1 (1+K2T> (7)
N Td1 Td1 p Ta2 Ta2

19



, Where N is the total number of molecules in the PSF , p is the concentration ratio of the two
components, Tq4; iS the characteristic diffusion time of the first (fast) component (Td1=%)
usually representative of protein monomers, and 14, is the characteristic diffusion time of the
second (slow) component (Td2=%) that is usually representative of bound or interacting

protein.

1.2.4 Raster Image Correlation Spectroscopy (RICS)

Although point FCS is a powerful method for quantifying protein concentration and
molecular mobility in solution, it is not robust to the spatial variability of protein dynamics inside
the cell. To overcome this limitation while still inheriting the merits of FCS, an alternative
method, Raster Image Correlation Spectroscopy (RICS), is ideal for obtaining temporal and
spatial information about