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Abstract

Living cells are crowded with large molecules (proteins and nucleic acids) and
organelles. These macromolecules are known to have many effects on cellular processes,
yet there is still a need to develop a technique to quantify crowding concentrations in live
cell studies. Recently, several fluorescence-based probes have been engineered to
potentially quantify crowding within living cells. These dynamic probes contain a pair of
fluorophores (mCerulean3 and mCitrine, the donor and acceptor, respectively) that are
capable of fluorescence resonance energy transfer (FRET). This series of probes are
connected by a linker of variable length and rigidity that allow them to undergo varying
degrees of conformational changes upon increases in macromolecular crowding. Due to
the newness of these FRET probes, there is a need to characterize the excited-state
dynamics of these new protein-based sensors using fluorescence techniques that are
compatible with non-invasive and imaging modes. Here we used steady-state
spectroscopy and time-resolved fluorescence to accomplish this characterization. We also
used cleaved versions of these probes to control for complexities resulting from changes
in refractive indices. These measurements allow us to develop a kinetic model for the
depopulation of the donor’s excited-state, and to estimate the FRET efficiencies of these
probes in both heterogeneous and homogenous environments. We find that these probes
undergo conformational changes in heterogeneous environments and favor a more
compact structure, thereby increasing energy transfer rates. Conversely, in homogenously
viscous environments, our probes do not favor conformational changes when compared
to pure buffer solutions. These results serve as the next advancement in developing the

full potential of these probes for future studies in live cells.



Table of Contents

List Of TabIES ..cuveeieiiiieiieieceeee e ix
LSt OF FIGUIES ..ttt ettt ettt X
List Of ADDIevIations .........cceevuirieriiiienienieeteseere ettt xii
List Of SYMDOIS ....eiiiiiiiieieee e xiii

Chapter 1: Introduction

LT OVETVIEW ..ttt ettt st et et sbe et sae e 1
1.2 Effects of macromolecular crowding in cells .........c.coccveevieniienienieennen. 1
1.3 Macromolecules used for crowding Studies...........ccceeecveerieniienieenneennens 2
1.4 Introduction to FRET Probes ..........cccceeviieiiieiieniieiieeieeeeceeee e 3
1.5 Steady-state fluorescence and lifetime measurement .........c..ccceeveruenne. 4
1.6 SUMIMATY ..ottt ettt e et e et e e eeeeeeas 5

Chapter 2: Materials and Methods

2.1 OVETVIEW ..ttt ettt sttt ettt ettt sttt be e s sbeenae e 7
2.2 ConStruct PUITICAtION ...c.eeevieriieiieeieeiie ettt eiee et sreebeesneeee s 7
2.3 CONSIIUCE CLEAVAZE ......veeviieniieeiieeiie ettt ettt et eebeeseaeensae s 8
2.4 Heterogeneous and homogenous environment sample preparation......... 9
2.5 Steady-state fluorescence characterization ............cceceevveevvereenereenieennens 9
2.6.1 Theory of time-correlated single photon counting (TCSPC)................ 9
2.6.2 Optical setup for TCSPC fluorescence lifetime measurements............ 11
2.7 Analysis Of TCSPC data ........ccceeviiiiiieiienieeiieeieeeece e 11
2.8 Fluorescence resonance energy transfer theory ...........cceecvevvivenienieeiene 12
2.9 Instrument response function and computer-generated response

FUNCHION .ttt ettt et 15

Chapter 3: Theoretical Modeling of FRET constructs under 425 nm excitation and
detection of donor (475/50 nm)

3.1 BaCKEIOUNA ....cc.uiiiiieiieiieeeee e 17

3.2 Results and DiSCUSSION .....cueevuiieiieriiieiieiie ettt ettt 17

Vi



Chapter 4: Theoretical Modeling of FRET constructs

4.1 Modeling 425 nm excitation and 475/50 nm detection .............cecevueennee 21
4.2 Simulation of MOdel........ccoeiiiiiiiiiiiiee e 23
4.3 Discussion of Model: Does the modeling agree

with experimental reSUILS? ...........ccciiiiiiiiiiiiieeee e 24
4.4 CONCIUSIONS ...c.ueeniiiiiiiieteeie ettt sttt st 26

Chapter 5: Characterization of novel sensors in PBS: effects of linker length and
structure

5.1 BacKground........coovieiiiiiiiieiieiie ettt 31
5.2.1 Characterization of excited-state wave-length dependence.................. 32
5.2.2 Characterization of linker, length and structure...........c.ccccceecvveriiennnnne. 33
5.3 CONCIUSIONS ..c..eeuvieiiiriiiieiieeitet ettt 34

Chapter 6: Characterization of novel sensors as a function of heterogeneous crowding
concentration (Ficoll-70) and homogenous crowding (glycerol)

6.1 BaCKEIound........cocviiiiiiiieiieie et 38
6.2.1 FRET efficiencies calculated using 425 nm excitation

and 475/50 DM @MISSION ...cuveruviriiiiieiiniienie ettt 39
6.2.2 Donor-acceptor distance changes upon heterogeneous

and homogenous CrOWAING .........cccueeiieriieiiieiie ettt 41
6.3 Using Eq. 4.7 for population changes in the constructs.............cceeunee.... 42
6.4 CONCIUSIONS ..c..eonvieiiiiiiiiieie ettt 43

Chapter 7: Conclusion and Future Studies

T 1 CONCIUSIONS ..ot e, 48
T2 FUture DITECTIONS ..cooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e, 49
REfOrENCES ... 50

vii



Appendices

A. Fitting parameters of all intact and cleaved constructs in
heterogeneous and homogenous environments .............c.cceeeuue.

B. Refractive indexes and viscosity use for calculations of
Strickler-Berg relationship and Ry

viii



Table 2.1

Table 2.2

Table 4.1

Table 4.2

Table 4.3

Table 6.1

Table A.1.1

Table A.1.2

Table A.1.3

Table A.1.4

Table A.1.5

Table A.1.6

Table B.1.1

List of Tables

Dilutions for heterogeneous and homogenous environments

Standards measured via TCSPC at various excitations and detections to
determine best method of fitting

Fluorescence lifetime decays of fitting parameters collected via TCSPC of
intact constructs in PBS and energy transfer rates based on Eq. 2.6 in the
absence of derived model

Fluorescence lifetime decay fitting parameters collected via TCSPC of
intact constructs in PBS, using the model described in Section 4.3.3.

Squared refractive index and fitted rate constants of biexponential decays
of the E6G2 construct in various crowded environments

Forster distance and donor-acceptor distance of all constructs and
environments

Fitting parameters of intact GE construct undergoing 425 nm excitation
and 475/50 nm detection

Fitting parameters of intact E6G2 construct undergoing 425 nm excitation
and 475/50 nm detection

Fitting parameters of intact E6 construct undergoing 425 nm excitation
and 475/50 nm detection

Fitting parameters of intact G18 construct undergoing 425 nm excitation
and 475/50 nm detection

Fitting parameters of intact G12 construct undergoing 425 nm excitation
and 475/50 nm detection

Fitting parameters of cleaved constructs undergoing 425 nm excitation and
475/50 nm detection

Refractive indexes and viscosities for heterogeneous and homogenous
environments

iX



Figure 1.1

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 3.1:

Figure 3.2:

Figure 4.1

Figure 4.2

Figure 4.3

Figure 5.1

Figure 5.2

Figure 5.3

Figure 6.1

List of Figures

Constructs of FRET probes for quantification of macromolecular
crowding

Representative diagram of the optical system used for the TCSPC
technique used in this project

The theoretical relationship between the donor-acceptor distance of a
FRET pair and FRET efficiency

The measured system response function for our experimental optical setup

Computer generated response functions for 7-hydroxylcoumerin (black)
and rhodamine 6 (red)

Steady-state absorbance of the GE probe in PBS

Steady-state fluorescence emission spectra of the GE construct in
increasing glycerol concentration (Panel A) and Ficoll-70 (Panel B)

A diagram on all possible energy pathways leading to detection of a
photon under 425 nm excitation

Simulated fluorescence decays based on the modeling of Eqs. 4.4 (Panel
A) and 4.6 (Panel B)

Biexponential fitting parameters of E6G2 in PBS are plotted against their
respective refractive index square

Time-resolved fluorescence decays of all cleaved constructs in PBS

Fluorescence decays of intact probes in PBS under 425 nm excitation and
475/50 nm detection (Panel A), 425nm and 465 nm excitation with 531/40
detection (Panels B and C respectively)

FRET efficiencies of each construct in PBS calculated by using 4.7

FRET efficiency of all constructs, GE (green diamond), E6G2 (pink down
triangle), E6 (blue up triangle), G18 (red circle), and G12 (black square) in
increasing heterogeneous crowder concentrations (A), and homogenous
crowding concentration (B)



Figure 6.2

Figure 6.3

Figure 6.4

Predicted FRET efficiencies for any donor-acceptor distance

Donor-acceptor distance of GE (green, diamond), E6G2 (pink down
triangle), E6 (blue up triangle), G18 (red, circle), and G12 (black, square)
in various heterogeneous environments (A) and homogenous
environments

Exponential fitting parameters, characteristic of the population capable of

FRET in both heterogeneous environments (Panel A) and homogenous
environments (Panel B)

Xi



List of Abbreviations

FCS fluorescence correlation spectroscopy
FLIM fluorescence lifetime imaging microscopy
FRET fluorescence resonance energy transfer
NA numerical aperture

NMR nuclear magnetic resonance

PBS phosphate buffered saline

SRF system response function

TCSPC time-correlated single photon counting

Xii



List of Symbols
Ay

TpA

pre-exponential factor for population capable of FRET
pre-exponential factor for population incapable of FRET
constant

energy transfer efficiency

fluorescence intensity of donor alone

fluorescence intensity of donor in the presence of acceptor
spectral overlap

rate of energy transfer

rate of fluorescence for donor alone

rate of non-radiative processes

rate of radiative processes

refractive index

population on fluorophores incapable of FRET
population of fluorophores capable of FRET

total population of an ensemble

quantum yield

Forster distance

distance between donor and acceptor fluorophores

time

orientation parameter

wavelength

chi- squared

fluorescence lifetime of donor alone

fluorescence lifetime of donor in the presence of acceptor

Xiii



Chapter 1
Introduction

1.1 Overview
Disclosure: This Chapter has been published, in part, in the following:
Currie, M., Leopold, H., Schwarz, J., Boersma, A., Sheets, E.D., Heikal, A.A. (2017)
"Fluorescence Dynamics of a FRET Probe Designed for Crowding Studies" Journal of
Physical Chemistry (B).

Cells are crowded with macromolecules causing effects in cellular processes (1,
2). Mechanisms, such as the depletion attraction, of how crowding influences cells have
been around as early as 1958 (3, 4), yet many studies investigating cellular processes are
still done in dilute solutions and therefore may not be a viable representation of living
cellular environments. For this reason, macromolecular crowding effects are under
intense investigation. Recent studies on crowding have used single-particle tracking (5),
NMR spectroscopy (6-8), fluorescence correlation spectroscopy (FCS) (5, 9, 10), and
time-resolved anisotropy (11-14). Additionally, fluorescence resonance energy transfer
(FRET) can be used as a probe to provide insight into conformational changes and
interactions of biomolecules (15-23). Other techniques using FRET, include but are not
limited to multichannel confocal microscopy (24), fluorescence lifetime imaging
microscopy (FLIM) (25), steady-state fluorescence (26), and total internal reflection
fluorescence (27). Even though these investigations into macromolecular crowding
develop new understandings, quantification of macromolecular crowding during in vivo

studies remains challenging.

1.2 Effects of macromolecular crowding in cells

The presence of macromolecules limiting the volume available to proteins and
other solutes within cells is believed to affect equilibrium concentrations (2), aggregation
(28), and diffusion rates (2, 29, 30). The concentrations of macromolecules is highly
dependent on environmental factors, such as the location within a cell, and are believed to
range between 80-300 g/L (2). Several recent studies investigating specific biological

processes are now including crowding as essential for accurate, representative cellular
1



environments. The differences in kinetics and equilibria can be on the orders of
magnitude different when compared to the same processes in uncrowded, buffer solutions
(2).

Macromolecular crowding effects occur when the volume within an environment
is limited by the presence of macromolecules; that is, excluded volume. Macromolecular
crowding effects can vary widely because they not only depends heavily on size, shape,
and the number of macromolecules present, but also the size and shape of the molecules
under investigation (29). However, excluded volume only accounts for part of the
crowding effects. Weak interactions also play an important role in crowding phenomena,

such as hydrogen bonding, surface charges, and changes in entropy (4, 31, 32).

1.3 Macromolecules used for crowding studies

Macromolecules typically used to simulate crowding in vitro vary largely in shape
and size. Many different polymers, such as polyethylene glycol, Ficoll, and dextran, are
routinely used to mimic crowding, because they are highly water soluble, non-toxic to
cells, are produced with high purity, and can be easily purchased in a variety of sizes, all
of which are necessary characteristics of ideal crowding agents (2). Large proteins, such
as ovalbumin and bovine serum albumin, are also often used in crowding studies, which
not only create excluded volume effects but also more varied soft interactions due to the
presence of surface charges (2, 33-36).

It is also important to distinguish between heterogeneous and homogenous
environments (37). Heterogeneous environments are described in this Thesis as
environments that contain large, inert, molecules, and between these molecules, are small
pockets of buffer-like environments. Heterogeneous environments also induce changes in
bulk viscosity, and so it is important to have proper controls when studying
heterogeneous environments to ensure distinction between the effects of viscosity and
crowding. Homogenous environments are created when the micro and bulk viscosities are
the same, in addition to the solvent molecules being much smaller than the solute
molecules. Previous studies have used small molecules, such as glycerol or sucrose, in

buffer to create environments with homogenous viscosities under investigation (21).
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In this work, we used Ficoll-70, to create heterogeneous environments. This
polymer is inert and can best described via a hard sphere model. As a control, we also
used the different concentrations of glycerol to create homogenous viscosity. It is now
becoming common practice to crowd solutions with macromolecules for studies done in
vitro; however, there is still no practical way to quantify crowding in living cell studies.
Recently, several sensors have been developed with the potential of solving this problem

(21, 38).

1.4 Introduction to FRET probes

The probes that are investigated in this Thesis are capable of undergoing FRET,
which was used to quantify macromolecular crowding in vitro through changes in FRET
efficiency. Importantly, all of the constructs we have investigated, shown in Figure 1.1,
have the same donor-acceptor pair namely, mCerulean3 (39) (donor) and mCitrine
(acceptor), but differ in the length and structure of their respective flexible linker regions
(21). The two main structures within these construct’s linkers are the loop regions defined
by the (-GSG-), sequence which are more flexible than the a-helix structures defined by
the ((EAAAK-),, sequence.

It is also critical to understand the complexity of using fluorophores, derived from
naturally occurring green fluorescent protein. The genetic modifications used to make
mCerulean3 and mCitrine have been used to modify the fluorescence properties towards
improved photostability, single exponential decays, and increased quantum yields (39).
Both of these fluorophores have also been encoded with a A206K mutation to prevent
dimerization (39, 40). However even with this mutation, mCitrine has been found to
dimerize when above micromolar concentrations, however, for our experiments, the
concentrations were well below this at nanomolar concentrations (41), thereby making
this complication negligible.

Previous studies have used steady-state fluorescence to assess the energy transfer
efficiency of these probes (21, 38); however, this technique is limited to bulk studies,
preventing imaging capabilities. In addition, steady-state spectroscopy approaches suffer

from complications in accuracy due to spectral overlap and inability to accurately
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measure conformational changes (42, 43). In this Thesis, we use time-resolved
fluorescence lifetime measurements, which are compatible with imaging modes in future
studies, to quantify changes in FRET efficiency as a function of crowding. These probes
also have the ability to be genetically encoded within E. coli and mammalian cell lines,
allowing for future in vivo studies. By characterizing these constructs in the well-
controlled environments of bulk solutions, and by using a technique compatible with non-
invasive imaging, we come closer to resolving the issue of quantifying macromolecular

crowding in vivo.

1.5 Steady-state fluorescence and lifetime measurement

Many studies involving quantification of FRET efficiency rely on the two main
techniques of steady-state fluorescence and time-resolved lifetime decay measurements
(44, 45). Using Egs. 1.1 and 1.2 for steady-state fluorescence and fluorescence lifetime
respectively, we can use either technique to quantify FRET efficiency (46). These
calculations use the relative intensity (F) and lifetime (1) of the donor in the presence
(Fpa, Tpa) and absence (Fp, tp) of acceptor to determine how much energy transfer has

occurred. These equations are more thoroughly described in Section 2.6.

FDA
E(%)—IOO[I—F—J

D

(1.1)
E(%):loo[l—fﬂ) (12)
D

As with every experimental technique, steady-state fluorescence and fluorescence
lifetime have their respective advantages and disadvantages. Steady-state spectroscopy is
incapable of imaging and can be inaccurate due to spectral overlap, whereas, lifetime
measurements can be complicated by the sensitivity of tpa and tp to refractive index (15-
18), multi-exponential decays of fluorophores (46), and many other environmental factors

(47). Further descriptions of these complexities are discussed in Section 2.6.



1.6 Summary

We hypothesize that these FRET probes will undergo conformational changes,
favoring a compact conformation in the presence of macromolecular crowding, which
would lead to enhanced FRET efficiency. Additionally, we hypothesize that the
conformations of these probes will be independent of homogenously viscous
environments due to limited thermal fluctuations.

In this work, we investigate these probes to further understand their individual
potential for use as a practical in vivo macromolecular sensor. Using time-resolved
fluorescence lifetime measurements, we examine the excited-state dynamics of the five
FRET constructs as a function of wavelength and as a function of heterogeneous and
homogenous environments. Using multiple wavelengths for excitation and detection, we
were also able to develop a kinetic model to describe these hetero-FRET systems.

The topics discussed in this Thesis are as follows: in Chapter 2, materials,
methods, and experimental rationale are described in detail. Chapter 3 discusses steady-
state fluorescence measurements used to inform further experimental design, such as
excitation and detection wavelengths. Chapter 4 describes the theoretical modeling of
fluorescence lifetime decays, and experimental data that were used to validate the
models. Chapter 5 discusses the wavelength dependence and differences in linker length
and structure between constructs. Chapter 6 characterizes the FRET constructs in both
heterogeneous and homogenous environments. Finally, Chapter 7 describes the

conclusions and future directions of this project.



GE Cerulean(GSG),A(EAAAK)A(GSG)A(EAAAK),A(GSG),Citrine

E6 Cerulean(GSG),A(EAAAK)A(GSG),Citrine

crowding

Figure 1.1: Constructs of FRET probes for quantification of macromolecular crowding.



Chapter 2

Materials and Methods

2.1 Overview
Disclosure: This Chapter has been published, in part, in the following:

Currie, M., Leopold, H., Schwarz, J., Boersma, A., Sheets, E.D., Heikal, A.A. (2017)
"Fluorescence Dynamics of a FRET Probe Designed for Crowding Studies" Journal of
Physical Chemistry (B).

This Chapter describes the constructs, purification and cleavage. Optical setup
and corresponding theory used for data collection and analysis for the investigation of the

excited-state dynamics for our crowding sensors is also discussed.

2.2. Construct purification

Plasmids in the parent pRSET A vector were generously provided by Arnold J.
Boersma (University of Groningen, the Netherlands). These plasmids were transformed
into the E. coli strain, BL21(DE)pLysS, and stored at —80°C as frozen cell stocks.

Bacteria were grown in terrific broth that had been supplemented with 0.4% (v/v)
glycerol and 1 mg/mL ampicillin until the absorbance at 600 nm reached 0.060 on the
NanoDrop 2000 spectrophotometer (Thermo Scientific). Protein production was induced
with 0.1 mM isopropyl-p-D-thiogalactoside and incubated for 18 hours at 25°C. The cells
were pelleted (Beckman J25.5, 3000 x g, 5000 rpm, 5 min, 4°C), resuspended in lysis
buffer (10 mM sodium phosphate, pH 7.4, 100 mM sodium chloride, 0.1 mM
phenylmethylsulfonyl fluoride, 1 mg/mL lysozyme), and allowed to incubate on ice for
30 min. Cells were lysed via probe sonication (Branson Sonifier 450, 10 s, level 7, 50%
duty cycle, followed by 10 s incubation on ice, done 6 times). Cells were further lysed
using an 18.5 gauge needle to draw up the lysate five times, and incubated on ice for 60
min.

After centrifuging lysed cells to remove cell debris (Beckman J25.5, 3000 x g,

5000 rpm, 15 min, 4°C), imidazole was added to a final concentration of 10 mM, and the
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lysate was poured onto a ProBond Ni*"-based affinity column that had been previously
equilibrated with binding buffer (10 mM sodium phosphate, pH 7.4, 100 mM sodium
chloride, 10 mM imidazole). The column was then washed four times with wash buffer
(50 mM sodium phosphate, pH 8.0, 300 mM sodium chloride, 20 mM imidazole). Protein
was eluted with elution buffer (50 mM sodium phosphate, pH 8.0, 300 mM sodium
chloride, 250 mM imidazole) into approximately 1 mL fractions. Fractions were dialyzed
against phosphate-buffered saline (1X PBS, 10.9 mM KH,PO,, 1550 mM NaCl, 29.7
mM Na,HPO4-7H,0, pH 7.4) and analyzed using SDS-PAGE to assess purity.

A 1:10 dilution of the peak fraction of the construct of interest was used to
measure the absorbance spectrum and calculate the concentration using Beer’s law,
where the extinction coefficient of any given construct was 54,000 (M cm) ' at 280 nm

(21). Absorbance spectra were collected on a Beckman Coulter spectrometer DU8S00.

2.3 FRET construct cleavage

Egs. 1.1 and 1.2 require fluorescence measurements of the donor (mCerulean3) in
the absence of the acceptor (mCitrine). We do not have access to purified donor alone in
our group. Thus, we carried out the following control, which allows us to monitor
mCerulean3. We cleave the flexible linker with brief digestion using proteinase K (38).
Potential dimerization of fluorophores are minimized, post-digestion, due to the A206K
mutation and low concentrations (~500 nM) of protein.

To cleave the construct, we used 0.56 ng of proteinase K per pmol of purified
construct and incubated the reaction for 1 min (25°C). To prevent further cleavage and
keep our fluorophores intact, we inhibited the reaction with 20 umol
phenylmethylsulfonyl fluoride per mg proteinase K. To ensure the cleavage reaction was

successful, we used SDS-PAGE analysis (bands ~30 kDa).

2.4 Heterogeneous and homogenous sample preparation
We prepared stock solutions of Ficoll-70 in 1x PBS (300 g/L) and glycerol in 1x
PBS (900 g/L) approximately 24 hours prior to the completion of construct purification.

Due to the slow dissolving rate of Ficoll-70, we weighed samples, brought the sample to
8



approximately 75% volume, allowed the Ficoll-70 to dissolve overnight at rest (4°C). We
brought the stock solution to the final volume the following day. On the day of
experiments, 250 pL aliquots of various environments, heterogeneous (Ficoll-70, 0-300
g/L) and homogenous (glycerol, 0-760 g/L), were created in 1.5 mL microcentrifuge
tubes and briefly vortexed prior to the addition of a construct to ensure an even
distribution of molecules.

Immediately prior to fluorescence-based experiments, a construct would be added
to each environment. The amount of construct added would depend on the initial
concentration, as described in Section 2.2. Typically, construct was added to an

approximate concentration of 500 nM.

2.5 Steady-state fluorescence characterization

We carried out steady-state fluorescence measurements on a Jobin Yvon
Fluorolog spectrometer FL1039/40. Using 500 nM GE construct in PBS, we optimized
excitation and emission slit widths (1.6 nm for both). Samples were prepared as described
in Section 2.4 and placed in a 700 pL cuvette with a | mL adapter. We used 425 nm for
the excitation wavelength, and the emission spectra were collected from 435-600 nm.
Once collected, we normalized each trace to the maximum intensity using Origin 8.1

software.

2.6.1 Theory of time-correlated single photon counting (TCSPC)

Time-correlated single photon counting allows for building a probability
histogram of detecting a photon as a function of time (44). The high signal-to-noise ratio
histogram can then be fit to extract valuable information of the excited-state dynamics.
TCSPC also can also be modified to incorporate scanning modes, thereby allowing
fluorescence lifetime imaging microscopy (FLIM).

Briefly, a constant fraction discriminator enables us to discriminate the signal
from background noise. The time amplitude converter allows for accurate measurement
for the arrival time of a laser pulse, which is relayed to the computer using a fast

photodiode. The system response function (SRF) was measured to deconvolute the
9



fluorescence decays to extract a more exact decay. The measured response function
underestimates the known lifetimes of our standards, rhodamine 110 and 7-
hydroxycoumerin by an estimated 4.8 %. For more analysis on the SRF, please see

Section 2.9. Figure 2.1 shows the scheme of our experimental setup.

=

sl ;

Scanner

MCP1

Pixel Clock ( i

Filter HV Supply

P1

L2 F

Figure 2.1: Representative diagram of the optical system used for the TCSPC technique
used in this Thesis. M: mirror, L:lens, FPD: fast photodiode, NA/WI: numerical
aperture/water immersion, DM: dichroic, F: Filter, P1: polarizer, MCP1: microchannel
plate, AMP: amplifier.
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2.6.2 Optical setup for TCSPC technique and fluorescence lifetimes measurements

For experiments using TCSPC techniques, we use the dichroic mirrors x396rdc
and FITC for 425 nm and 465 nm excitation, respectively, and band pass filters 475/50
and 531/40 for detecting donor and acceptor emission, respectively. Laser pulses were
generated at 76 MHz, using a titanium-sapphire crystal (Mira 900-F, Coherent). A
Russian blue filter was also used to prevent direct laser emission. The average power for
the two-photon laser ranged between 480-800 mW, with a pump laser setting of 6.5-7
W, depending on laser wavelength used in the experiment. After being directed to the
objective (1.2 NA, Olympus UPlanApo IR, water immersion, 60X), the fluorescence was
directed through a magic angle (54.7°) polarizer and onto a microchannel plate
photomultiplier tube (R3809U, Hamamatsu). We then collected the respective histograms
using SPC-830 software (Becker & Hickl).

2.7 Analysis of TCSPC data

After data collection, we transferred decays from SPC-830 to SPCImage (Becker
& Hickl). A complete multi-exponential decay model using a computer-generated system
response function was used to fit the data. We fixed the offset based on the background
signal-to-noise, while shifting and scattering parameters remained unfixed, due to their
minimal effects on the fitting parameters. To determine whether fits were acceptable
using a single or biexponential decay (Eq. 2.1), the data from approximately 0.18 to 17.5
ns were fit to both single and biexponential decays. We then compared % values and the
residuals of both fits. We repeated this process for both bi- and triexponential fits as well.
After determination of the exponential that best describes the fit, we then extended the

range to include the full decay, (approximately —2 to 17.5 ns).

F(t)= ZAie_%' (2.1)
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2.8 Fluorescence resonance energy transfer theory

The theory behind FRET can be summarized via several equations. Arguably the
most important parameter to calculate is the rate, ke, for which energy transfer occurs, as
described in Eq. 2.2.

1(RY
k(r,)= T—(R—OJ (2.2)

da

The Forster distance, Ry, is defined as the average donor—acceptor distance at
which 50% FRET efficiency occurs. Ry can be calculated via Eq. 2.3 using steady-state
spectroscopy, where «” is assumed to be 2/3 for randomly oriented dipole moments of
donor and acceptor (46). We recognize our FRET pair is tethered so this assumption may
not be entirely correct, but due to the difficulty of accurate measurements for k*, we use
this assumption. Qp is the fluorescence quantum yield of the donor and n is the refractive
index of the surrounding environment.

=25 KZQDJ(Z')

n

R) =8.785%10 (2.3)

The spectral overlap, J(L), is calculated based on steady-state absorbance and

fluorescence emission following Eq. 2.4.

TFD (A)e, (WA dA
J(A)=2

(2.4)

oo

[F,(MydA

Because our linker is flexible we expected that the distance between the
fluorophores change in various environments. Therefore, it is difficult to use the above
equations to calculate the ke for our systems of interest. A more practical way to measure
FRET efficiency has been developed using Eqs. 2.5 and 2.6 for steady-state and time-
resolved fluorescence intensities where Fps and tpa are the respective intensity and
average lifetime of the donor in the presence of acceptor, and Fp and tp are the respective

intensity and average lifetime of the donor alone.
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FDA
E(%)= 100[1—F—) (2.5)

D
TDA
E(%):IOO[l——J (2.6)
D
We can then use the time-resolved fluorescence lifetime measurements to
estimate ke using Eq. 2.7 (46).

_ k1 (2.7)
(t,) +k,

Finally, if we can calculate the Forster distance from steady-state spectroscopy,
we can then combine the lifetime results to calculate the average physical distance

between our donor and acceptor fluorophores. This relationship is described in Eq. 2.8

and Figure 2.2. Based on this relationship, donor—acceptor distances closest to the Forster

distance should induce the greatest changes in FRET efficiency.
Ry

E=—"%_ 2.8
R+ R (2.8)

N

o

o
1

©
o
1 L

FRET Efficiency (%)
5 3

20+
0 T T T T
0.0 0.5 1.0 1.5 2.0
Roa/R,

Figure 2.2 The theoretical relationship between the donor—acceptor distance of a FRET

pair and FRET efficiency.
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Table 2.1 Standards measured via TCSPC at various excitations and detections to
determine best method of fitting.

Nexcite — Mdetect: Lifetime v’ Lifetime x>
Measured Measured CPU Generated CPU
SREF (ns) SRF SRF (ns) Generated
SRF

rhodamine 110 3.81 1.30 4.00 1.41

465-531/40 nm

rhodamine 110 3.85 1.23 4.01 1.38

425-531/40 nm

7- 3.88 1.11 4.00 1.26

hydroxylcoumarin

425-475/50 nm

Section 2.9 Instrument response function and computer-generated response function

We measured our response function using the same optical setup as described in
Section 2.6.2. We used 2% milk as the scattering solution and detected a small amount of
photons directly from the laser. The measured system response function is shown in
Figure 2.3. We determined the full-width half maximum to be 59.2 ps.

Upon fitting our standards using our system response function, we estimate the
fluorescence lifetime of rhodamine 110 and 7-hydroxylcoumerin to be 3.83 ns and 3.88
ns, respectively. These results compare with the fit using the computer generated
response function, 4.00 ns and 4.00 ns, for rhodamine and7-hydroxylcoumerin,
respectively. The difference between the fits using either the computer generated

response function or measured response function is greater than the known uncertainty of
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our measurements (0.03 ns). It should also be noted other studies using rhodamine 110
and 7-hydroxylcoumerin have reported fluorescence lifetimes of 4.00 ns and 4.06 ns,
respectively (48, 49). Table 2.1 shows the fitting parameters using both measured and
computer-generated response functions. In Table 2.1, one can see the measured response
function produces a better fit based on the values of . Although, it is accepted that the
measured response function may lead to more accurate results; due to the newness of the
measured response function, along with a slight discrepancy with literature values, the
lifetime measurements presented in this Thesis, were fit using a computer generated

response function.
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Figure 2.2 The system response function was measured under the experimental
conditions as described in section 2.6.2. With a FWHM of 59.2 ps, we estimate the
uncertainty to be 20 ps for each measurement when decays are fit to the measured system
response function.
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Figure 2.3 Computer generated response functions were produced by SPCImage based
on the build-up of fluorescence for 7-hydroxylcoumarin (black) and rhodamine 110 (red).
With an average FWHM of 98.5 we estimate the uncertainty per measurment to be 30 ps
when decays are fit to the computer generated response function.
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Chapter 3
Steady-state fluorescence of the GE construct
Disclosure: This Chapter has been published, in part, in the following:

Currie, M., Leopold, H., Schwarz, J., Boersma, A., Sheets, E.D., Heikal, A.A. (2017)
"Fluorescence Dynamics of a FRET Probe Designed for Crowding Studies" Journal of
Physical Chemistry (B).

This Chapter describes the steady-state spectroscopy collected for the GE probe in

heterogeneous and homogenous environments.

3.1 Background

When investigating excited-state dynamics, the steady-state absorbance and
fluorescence spectra are vital when it comes to designing the experimental plan. Without
these spectra, it is nearly impossible to ensure accurate excitation and detection of the
fluorophores involved. Specifically, in our investigations, due to the presence of two
fluorophores (mCerulean and mCitrine) in our sensor, it is essential to understand exactly
what is being excited and detected. Previous studies have already characterized our
probes using steady-state spectroscopy (21, 38), and here we aimed to replicate these
results to ensure accurate probe purification and experimental design for our subsequent
investigations. These measurements were carried out prior to optimizing the cleavage of
the protein constructs; therefore, the observations presented in this Chapter are only

qualitative with respect to FRET efficiency.

3.2 Results and discussion

Using the steady-state absorbance of the original protein construct, GE, in PBS
(Figure 3.1), we confirmed a maximum absorbance for mCerulean3 and mCitrine, at 433
nm and 514 nm, respectively. However, for our experimental design purposes, we must
excite the donor directly and minimize direct excitation of the acceptor. For this reason,
we used an excitation wavelength of 425 nm because the absorption for mCerulean3

appears to be an estimated 99% larger than the mCitrine.
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We measured the steady-state fluorescence for the range 435—600 nm using 425
nm excitation as a function of the concentrations of heterogeneous crowder (0-300 g/L
Ficoll-70) and homogenous crowder (0900 g/L glycerol) (Figure 3.2). We attribute the
qualitative increase of mCitrine’s emission (500-550 nm) as [Ficoll-70] increases to
higher FRET efficiencies in crowded environments, which is consistent with previous
studies (21). Interestingly, upon addition of a homogenous crowder, a slight decrease in
the fluorescence contribution of mCitrine is observed, indicating a possible reduction in
FRET efficiency; however, previous studies have reported glycerol not having any effect
on FRET efficiency (21).

Although our measurements of FRET efficiency are qualitative, we can still use
the theory presented in Section 2.7 to calculate R, for comparison with previous studies.
Using the absorbance and emission spectra of the GE protein in buffer, we estimate the
spectral overlap to be 1.35 x 10"> M ' cm’ nm*. We can then use the quantum yield of
mCerulean3, 0.87 (40) and the refractive index of PBS (1.333) to calculate the R, value
of this FRET pair to be 5.3 = 0.7 nm, which is in reasonable agreement with previously
reported R, value of 5.4 nm (38). Additionally, we used these data to calculate R, for
crowded environments (Table 6.1), which required the refractive indices of experimental
conditions (see Appendix B). A further discussion of the Forster distance calculations in
crowding solutions is found in Chapter 6.

With this data in hand, we are able to properly design our time-resolved
fluorescence lifetime experiments. By exciting at 425 nm we will be able to exclusively
excite the donor, while at 465 nm (the highest possible laser line available for our set-up),
we will excite both mCerulean3 and mCitrine in relatively equal amounts. We will also
be able to detect exclusively mCerulean3 with a 475/50 nm filter, and detect primarily
mCitrine with a 531/40 filter. However, before exploring time-resolved lifetime
experiments, there is still a need for a kinetic model to describe the fluorescence of our

probes. This is discussed in Chapter 4.
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Figure 3.1: Normalized steady-state absorbance of the GE probe in PBS (~12 uM)
mCerulean3 (donor) absorbs in the range of 380—500 nm, whereas mCitrine (acceptor)
absorbs in the range 455-545 nm.
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Figure 3.2: Steady-state fluorescence emission spectra of the GE construct in increasing
glycerol concentration (Panel A) and Ficoll-70 (Panel B).
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Chapter 4:
Kinetic model of excited-state dynamics of FRET constructs using 425 nm excitation

and detection

Due to the newness of these probes, there is not yet a kinetic model to describe
the excited-state dynamics of these proteins. In this Chapter, we discuss and model the
possible scenarios of exciting the donor (425 nm) and detecting the donor (475/50 nm)
needed to calculate the FRET efficiency from the well-established theory mentioned in
Section 2.6. In Chapter 5 of this Thesis, we will show that the combination of 425 nm
excitation and 475/50 nm detection is determined to be the best combination for
estimating FRET efficiency. Once we have accounted for all possible scenarios for 425
nm excitation and 475/50 nm detection, we will then use experimental data to determine

whether our kinetic model is applicable to our experimental system.

4.1 Modeling 425 nm Excitation and 475/50 nm detection

Consider Figure 4.1 where the molecule D, represents the donor of the FRET
sensor, mCerulean3, and the molecule A, represents the acceptor, mCitrine. When
exciting at 425 nm, we only excite the donor molecule because the absorbance for the
donor is an estimated 99% greater than the acceptor at the same wavelength (Figure 3.1).
For detection, we use a 475/50 nm emission filter, which blocks an estimated 99% of
photons from the acceptor. This experimental setup results in the following scenarios,
which are shown in Figure 4.1: Scenario 1: the population of excited constructs is
incapable of FRET; Scenario 2: the population of excited constructs is capable of FRET;
and finally Scenario 3: there are two unique populations, one capable of undergoing

FRET and the other incapable of FRET.
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Figure 4.1 A diagram on all possible energy pathways under 425 nm excitation and
475/50 nm detection.

For Scenario 1, we can describe an excited donor molecule incapable of FRET

(ket = 0) via the following equation, where

dN, =—(k} )N, (4.1)
This differential has the solution of:

N,(t)=N,e " (4.2)

For Scenario 2, we describe the population of excited donor molecules capable of

going through FRET as decaying via the equation:

o=k N, (43)

This differential then has the solution of:
N,(t) = Ne 7" (4.4)

For Scenario 3, we model two populations, one capable of FRET and the other
incapable of FRET. Accounting for the entire ensemble of probes, we can simply add the

two populations, described in Egs. 4.1 and 4.3, to describe the total decay as follows:
22



dN
—d’;’“] =—(ky )N, = (ky +k,,)N, (4.5)
Having already solved for these decays, we substitute Egs. 4.2 and 4.4 to derive

the final solution:
Ntatal (t) = Nlei(kf[;)l — Nze’(k/[z“rkﬂ)z (46)

Using this equation, we also notice that the ke presented in this equation will over
estimate energy transfer, for the entire ensemble, as it is only characteristic of one
population. Therefore, we have altered equation 2.7 to correct for this overestimation as

follows:

E,, . (%)=100 71"” N, 4.7)
T, +k, N, +N,

4.2 Simulation of model

Figure 4.2 shows simulations for Scenarios 2 and 3 described above undergoing
425 nm excitation and 475/50 nm detection. These simulations allowed us to predict the
fluorescent decays as a function of energy transfer. Using the Eqs. 4.4 and 4.6, we use the
ket range of 0.125-4 ns '. This range was chosen as our earlier experiments estimate these
probes to have a range of ke;of 0.2—0.8 ns ™. The single exponential decay model
(Scenario 2) assumes all probes are capable of FRET, and the decay is affected
considerably by changes in energy transfer rates. Meanwhile for the biexponential model
(Scenario 3) we fixed the populations (50% capable of FRET and 50% incapable of
FRET). The inclusion of distinct populations drastically changes the shape of the curve,

as shown in Figure 4.2.
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4.3 Discussion of model: does the modeling agree with experimental results?

Table 4.1 describes the fitting parameters of five constructs in buffer fit in the
absence of the model. Most importantly, the intact probes decay as a biexponential
decay, therefore the first two scenarios are invalid for our intact systems. However,
revisiting the first scenario, we make the assumption that the cleaved constructs are
incapable of FRET, and therefore can be modeled via Eq. 4.2. This model for the cleaved
constructs is in line with experimental data (Figure 5.1A). Importantly, it is also known
that the donor, mCerulean3, was genetically modified to fluoresce as a single-exponential

(40), this is also in agreement without model.

For the modeling of intact probe, we used the simulations presented in Section
4.1. In Table 4.2 we see the experimental fitting parameters of intact probes undergoing
425 nm excitation and 475/50 detections, due to the biexponetial nature of these fits, it
was determined scenario 3 described in section 4.1 best agrees with our experimental
results. This agreement is also based on the shape of the decay curve as a function of ke
in both simulation (Figure 4.2B) and experimental results (Figure 5.2A). As we describe
in Chapter 5, we observe that all five constructs behave similarly to the model with
unique biexponential decay constants (Figure 5.2A). The simulation (Figure 4.2B) and
experimental results (Figure 5.2A) have similar distortion in shape when increasing k.
Differences between the experimental results and the simulations can be attributed to the
variation of populations because the simulation was carried out with fixed population
ratios, whereas, as discussed in Chapter 6, these populations may be dynamic and change

as a function of specific environment.

We then further explored the model in Scenario 3. Upon derivation of this model,
we reanalyzed intact constructs. We fixed one exponential term to the lifetime of the
cleaved constructs, but both pre-exponential factors and the second exponential term
were allowed to be fit. The reanalysis is shown in Table 4.2. Comparing Table 4.1 and

4.2 we see, GE, E6G2, and E6 obtain smaller XZ values when using the model, and

24



although the ¥ values for G18 and G12 rose, the residual plot remained consistent.
Additionally, the energy transfer efficiency is still in reasonable agreement in both fitting
Scenarios. For these reasons, all data shown shown in Chapters 5 and 6 are fit using Eq.

4.6 and Eq. 4.2 for intact and cleaved constructs, respectively.

It is also important to note that the fluorescence lifetime decays measure the
amount of time a molecule spends in the excited state, kg, which is a combination of

radiative and non-radiative processes as described by Eq. 4.8.

k=K t+k

non—rad

(4.8)

rad

Using TCSPC, we can directly measure kg of a given system. Changes in kg can
be predicted using the Strickler-Berg equation Eq. 4.9 (47). Because the fluorophores,
mCerulean and mCitrine, are identical in each of our constructs, we can simplify the

Strickler-Berg equation as follows:

j F(V)dv

k., =288x107n> [ ¢@amv

[ Fowav g,
Av,

(4.9)
k. =cn’ (4.10)
Substituting equation 4.9 into equation 4.8 gives us:
k,= cn’+k,, . (4.11)

Eq. 4.10 is plotted in Figure 4.3 for the representative E6G2 construct. It is
important to note that FRET is a non-radiative process. Therefore, according to equation
4.11, deviation from equation 4.10 will indicate a change in non-radiative processes, e.g.
FRET efficiency. Cleaved versions of our constructs follow the Strickler-Berg equation,
regardless of the environment (Figure 4.3A), this indicates there is no change in knon-rad
and therefore FRET efficiency. In homogenous environments, intact constructs also
follow the Strickler-Berg equation. However, when examining intact probe in Ficoll-70
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enriched environments, we observe that one component agrees with Eq. 4.10 and the
other component deviates drastically. In Chapter 3, we established FRET efficiency
increases upon heterogeneous environments. If Eq 4.6 is correct, for heterogeneous
environments, we would observe one component following the Strickler-Berg
relationship and one component deviating, which is exactly what we observe in Figure

4.3B. Full fitting parameters and FRET efficiencies are given in Table 4.3.

4.4 Conclusions

The model for Scenario 1 describes a system where no FRET occurs and is
therefore analogous to our cleaved probes. Because mCerulean3 decays as a single
exponential (39), the model is in reasonable agreement our experimental results shown in
Figure 5.1A . Using the model for Scenario 1, we can directly measure rate of
fluorescence of the donor alone, ket

The biexponential model described as Scenario 3 best agrees with our intact
probes experimental data shown in part in Tables 4.1 and 4.2. Given these results, we
decided to fit our experimental results using this scenario. By directly measuring kq® first,
we are able to assign one of the exponential terms to that of the donor alone. Scenario 3
also suggests there are two distinct populations, one capable of undergoing FRET and the
other incapable of undergoing FRET. This scenario is slightly counterintuitive because
the fluorophores are linked, which keeps the donor—acceptor distance small. However, in
combination of the simulation results agreeing with the decays shown in Chapter 5, and

results of the Strickler-Berg relationship, there are clearly two populations present.
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Figure 4.2 Simulated fluorescence decays based on the modeling of Egs. 4.4
(Panel A) and 4.6 (Panel B). These simulations are for the ke range of 0.125—4 ns.

27



09 ] A
08 4
07 -
06 1
05 -
04 -
03 4 F P ¥ S S TEE

S e —
09

k,(ns')

08 1 g
07 - ]

0.6—- /i/

04

0-3— == ::::i:::::' _::::i

e+
175 18 185 190 195 200 205

(Refractive index)?

Figure 4.3 The fitting parameters for cleaved (Panel A) and intact (Panel B) E6G2
construct in both Ficoll-70 (0-300 g/L) (black squares) and glycerol (0-760 g/L) (red
circles). Additionally, a modified Strickler-Berg equation (Eq. 4.10) was also plotted
(blue diamonds). Error based on 20% the FWHM of the system response function. The
dotted line is for visual guidance for trend and not a fit.
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Table 4.1 Fluorescence lifetime decays of fitting parameters collected via TCSPC of
intact constructs in PBS and energy transfer rates based on Eq. 2.6 in the absence of

derived model. Decays collected using 425 nm excitation and 475/50 nm detection. Error

based on 20% the FWHM of the system response function.

Construct  A; (%) T, (ns) A (%) T, (ns) <> (ns) v’ E (%)

GE 71.8 327+ 28.2 4.85 £ 3.72 + 1.37 6.77 +
0.03 0.03 0.03 0.6

E6G2 67.4 3.05+ 32.6 475 £ 3.61 + 1.33 9.52 +
0.03 0.03 0.03 0.6

E6 65.2 2.94 + 34.8 4.68 £ 3.54 + 1.32 122+
0.03 0.03 0.03 0.6

G18 54.1 227 + 459 4.17 £ 3.14 + 1.16 20.9 £
0.03 0.03 0.03 0.7

G12 36.8 1.55+ 63.2 3.80 £ 2.97 + 1.12 25+1
0.03 0.03 0.03

Table 4.2 Fluorescence lifetime decay fitting parameters collected via TCSPC of intact
constructs in PBS, using the model described in Section 4.3.3. Decays collected under
425 nm excitation and 475/50 nm detection. Error based on 20% the FWHM of the

system response function.

Construct  A; (%) 1T, (ns) Ay (%) 1, (ns) <> (ns) x’ E (%)

GE 16.4 2.14 £ 83.6 3.99 + 3.69 + 1.32 7.52 £
0.03 0.03 0.03 0.6

E6G2 22.1 2.06 £ 78.0 3.99 + 3.56 + 1.21 12.2 +
0.03 0.03 0.03 0.6

Eé 24.7 2.00 £ 75.3 3.98 + 345+ 1.22 133+
0.03 0.03 0.03 0.6

G18 40.3 1.78 + 59.7 397+ 3.09 + 1.35 222+
0.03 0.03 0.03 0.7

G12 44.6 1.80 + 554 3.98 + 3.01 + 1.62 24+ 1
0.03 0.03 0.03
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Table 4.3 Squared refractive index and fitted rate constants of biexponential decays of

the E6G2 construct in various crowded environments. We calculated the change in kg
constant via Eq. 4.10. Error based on 20% the FWHM of the system response function.

Environment Refractive kl(ns)_1 kz(ns)_1 Kead1 Kradz E (%)
Index’ (ns)™ (ns)™
PBS 1.783 0481+ 0.251+ 0.481 0.251 12.2 +
0.03 0.03 0.6
Ficoll-70 100 1.823 0599+ 0256+ — — 154 +
g/L 0.03 0.03 0.7
Ficoll-70 200 1.858 0714+ 0.263 + — — 18.1 +
g/L 0.03 0.03 0.8
Ficoll-70 300 1.899 0862+ 0269+ — — 21.8+
g/L 0.03 0.03 0.8
Glycerol 340 1.888 0478+ 0272+ 0.509 0.266 8.97 +
g/L 0.03 0.03 0.7
Glycerol 480 1.932 0495+ 0.281 + 0.521 0.272 8.71 £
g/L 0.03 0.03 0.7
Glycerol 620 1.977 0529+ 0.292 + 0.533 0.279 9.04 +
g/L 0.03 0.03 0.8
Glycerol 760 2.016 0.575+ 0305+ 0.544 0.284 9.76 £+
g/L 0.03 0.03 0.8
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Chapter 5:
Characterization of novel sensors in PBS: wavelength-dependence and effects of linker

length and structure

Disclosure: This Chapter has been published, in part, in the following:

Currie, M., Leopold, H., Schwarz, J., Boersma, A., Sheets, E.D., Heikal, A.A. (2017)
"Fluorescence Dynamics of a FRET Probe Designed for Crowding Studies" Journal of
Physical Chemistry (B).

This Chapter describes the characterization of wave-length dependence of these
probes undergoing excitations of either 425 nm or 465 nm and detection of either 475/50
nm or 531/40. The constructs linkers, lengths and structures were measured in PBS

buffer.

5.1 Background

By characterizing the five constructs, in phosphate-buffered saline, we gain
knowledge into their behavior and better understand the importance of linker, length and
structure. In this Chapter, we investigate wavelength dependence as well as differences in
linker, length and structure for all five probes. Due to the presence of mCerulean and
mCitrine within these probes, it was critical to determine whether there is a wavelength
dependence upon either excitation and/or detection. By varying the excitation and
detection wavelengths, we aimed to determine the ideal scenario for estimating FRET
efficiency. Once the ideal scenario to estimate FRET efficiency was determined, we then
characterized the effects of the linker in the controlled environment of PBS. To
distinguish between the effects of length and structure, we compared two constructs at a
time, G18 to G12, and E6 to E6G2, for linker, length and structure effects respectively.
We chose the G18 and G12 constructs to compare length due to identical structure within
the linker region as the only difference between the constructs is the number of loop
repeats (—GSG-), and therefore only differ in length. Meanwhile E6 and E6G2 contain
the same number of amino acids but differ in the ratio (m/n) of rigid helical repeats (—

EAAAK-)n to flexible loop repeats (-GSG—),. E6G2 has a much more rigid linker with a
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helix/loop ratio of 6.0 compared to the ratio of E6 at 0.5 (38). We also investigate the
effects of the linker length on the cleaved FRET probe as a control.

5.2.1 Characterization of excited-state wave-length dependence

Looking first at the cleaved constructs we see similar decays between all of the
constructs no matter the excitation or detection wavelengths (Figure 5.1). These similar
decays are most likely due to all of the constructs containing the same fluorophores
(mCerulean3 and mCitrine) which only differ in linker. In other words, upon cleavage of
the linker, the samples are expected to become negligibly different. This expectation was
confirmed, as shown in Figure 5.1. Additionally, when we excite with either 425 nm or
465 nm, we observe faster lifetimes using 531/40 nm detection (Figure 5.1B-C) detection
as compared to 475/50 nm detection (Figure 5.1A). These results suggest that mCitrine
may have a shorter lifetime, than mCerulean3. These results are in general agreement
with previous studies, which have found the lifetime of mCitrine as 3.61 ns (50) and
mCerulean3 4.0 ns (39).

In contrast, when we measure the fluorescence lifetimes of the intact protein
constructs, under 425 nm excitation and 475/50 nm detection (Figure 5.2A), we observe
that each construct displays a unique fluorescence decay. These unique decays appear to
differ based on the rate of energy transfer and can therefore be used to estimate energy
transfer efficiency. However, because changes in refractive index have an impact on the
decays, we also need to use the decays of cleaved constructs, under similar conditions
(environment, excitation, and detection) to accurately estimate energy transfer efficiency.
By comparing the lifetime of the donor alone with the lifetime of intact probe, given both
are measured in the same environment, we can account for changes in refractive index.

Interestingly, when detecting the acceptor for intact probes, we again see little
difference in the fluorescence lifetime decays, for both 425 nm and 465 nm excitation
(Figure 5.3B,C). These indistinguishable decays make estimating energy transfer
challenging. Therefore, we used the ideal experimental combination of 425 nm excitation

and 475/50 nm detection to estimate FRET efficiencies.
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5.2.2 Characterization of linker, structure and length

The distinct lifetime decays of the intact constructs under 425 nm excitation and
475/50 nm detection allow us to calculate FRET efficiency, following Eq. 4.7. This
calculation assumes that the lifetimes of the cleaved probes’ mCerulean can be used as
the lifetimes of the donors (mCerulean in the intact protein) alone. When we compare
comparing the proteins G12 and G18 (Figure 5.3), we observe that the shorter linker
length results in a high FRET efficiency, as we would expect based on these proteins
having flexible and short linkers. It is surprising though that this increase in FRET
efficiency is not even larger (24.4% for G12 as compared with 22.2% for G18; Table
4.2), given that the linker length of G12 is approximately one-third the length of that of
G18.

Interestingly, the rigidity of the linker’s structure also has a direct effect on FRET
efficiency. As shown in Figure 5.3 by comparing E6G2 and E6, we observe that the more
rigid E6G2 has lower FRET efficiency (12.2%; Table 4.2) than that of the more flexible
E6 (13.3%; Table 4.2) despite having similar linker lengths. We hypothesize that the rigid
a-helices in the E6G2 protein act to keep the fluorophores farther apart, in contrast to the
more flexible region of the E6 that is able to take on a more compact conformation
thereby resulting in greater FRET efficiency. This conformational change may also
explain the surprisingly little change in FRET efficiency between the more flexible G12
and G18, despite their respective linker lengths as mentioned above. It appears the
flexible loop regions of these constructs may likely be able to become more compact,

even in the absence of crowding.

5.3 Conclusions

By varying the excitation and detection wavelengths, we have demonstrated that
there is a wavelength dependence when investigating these probes. Importantly, only one
of these excitation and detection combinations results in unique lifetime decays and
allows for accurate estimation of FRET efficiencies: that is, 425 nm excitation and
475/50 nm detection. Using these excitation and detection wavelengths, we calculated the
FRET efficiencies for the controlled environment of PBS (Table 4.2). These findings
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allow us to compare the effects of both the length and rigidity of the linkers of these
protein constructs. Perhaps not surprisingly, the shorter linker lengths have increased
FRET efficiencies, which we attribute to shorter donor-acceptor distances. Additionally,
our results also show that constructs with greater loop/helix ratios are more flexible and
may also lead to shorter donor-acceptor distances by taking on more compact

conformations regardless of crowding concentrations.
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Figure 5.1 Time-resolved fluorescence decays of all cleaved constructs in PBS. 425 nm
excitation and 475/50 nm detection (Panel A) shows the longest lifetime because the
donor has a longer lifetime than the lifetime of the acceptor. Meanwhile, 425 nm and 465
nm excitation with 531/40 nm detection (Panels B and C, respectively) results in the
shorter lifetimes as the 531/40 nm filter primarily detects the fluorescence of mCitrine.
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Figure 5.2 Fluorescence decays of intact probes GE (green), E6G2(pink), E6 (blue), G18
(red) and G12 (black) in PBS under 425 nm excitation and 475/50 nm detection (Panel
A), 425nm and 465 nm excitation with 531/40 nm detection (Panels B and C
respectively).
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assume the average lifetime of the cleaved constructs is equal to the lifetime of the donor
alone.
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Chapter 6
Characterization of novel sensors as a function of heterogeneous crowding
concentration (Ficoll-70) and homogenous crowding (glycerol)

Disclosure: This Chapter has been published, in part, in the following:
Currie, M., Leopold, H., Schwarz, J., Boersma, A., Sheets, E.D., Heikal, A.A. (2017)
"Fluorescence Dynamics of a FRET Probe Designed for Crowding Studies" Journal of
Physical Chemistry (B).

This Chapter describes the characterization of the conformational changes of all
constructs in heterogeneous and homogenous environments.
6.1 Background

The aim of this Chapter was to directly test the hypotheses that these FRET
probes will undergo conformational changes in the presence of macromolecular crowding
to favor more compact conformations, thereby leading to enhanced FRET efficiencies.
We also hypothesize that the conformations of these probes will be independent in
homogeneous, highly viscous environments. By using the model discussed in Chapter 4
and methods in Chapter 2, we measured both intact and cleaved decays in various
concentrations of heterogeneous crowder (Ficoll-70) and homogenous viscosity
(glycerol). We chose the concentration gradient for Ficoll-70, 0-300 g/L, to mimic
crowding concentrations in living cells (2) as discussed in Section 1.2. Meanwhile, the
glycerol concentration, 0-760 g/L, was varied to control for the bulk viscosity and
refractive index changes induced by high concentrations of Ficoll-70. We also controlled
for the refractive index (discussed in Section 2.6) by measuring the cleaved probe in each
environment (buffer, glycerol-enriched buffer, Ficoll-70 enriched buffer) for refractive
index changes across the concentration ranges. Using this information, we were able to

calculate the FRET efficiencies using Eq. 4.7.
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6.2.1 FRET efficiencies calculated using 425 nm excitation (donor) and 475/50 nm
emission.

In this project, we aimed to determine which of these probes will behave most
ideally for future in vivo studies. Figure 6.1 shows that E6G2 and E6 appear to be the
most sensitive to heterogeneous crowding, as indicated by the largest range in the FRET
efficiency differences, 9.4% and 5.9% respectively. Although all of the constructs are
observed to increase their FRET efficiency upon heterogeneous crowding, we also
observe a trend of decreasing FRET efficiency as the viscosities of glycerol-enriched
buffer increases. G12 was the most sensitive the higher glycerol concentration, with an
estimated decrease of 5.5% in the range of FRET efficiency differences.

These results seem to support our hypothesis with respect to the behavior of the
FRET sensors in heterogeneous environments. However, the decrease in FRET efficiency
in the homogenously viscous environments would appear to contradict our hypothesis
that viscosity alone would not affect the FRET efficiencies of these proteins. To further
investigate the quandary, we investigated the donor—acceptor distances.

Although FRET efficiency is directly related to donor—acceptor distance, it is also
critical to account for changes in refractive index that result from these high
concentrations of Ficoll-70 or glycerol. By rearranging Eq. 2.8, we calculated donor—
acceptor distances for all of the various environments (see Tables 6.1 and figures 6.3). By
doing, so we are able to directly account for changes in refractive index because R, is

depends directly on refractive index (Section 2.8).
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Figure 6.1 FRET efficiency of all constructs, GE (green diamond), E6G2 (pink down
triangle), E6 (blue up triangle), G18 (red circle), and G12 (black square) in increasing
heterogeneous crowder concentrations (A), and homogenous crowding concentration (B).
The dotted line is for visual guidance for trend and not a fit. Error based on 20% the
FWHM of the system response function.
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6.2.2 Donor-acceptor distance changes upon heterogeneous and homogenous
crowding

As discussed in Section 2.8, FRET allows us to calculate the distance between the
donor and acceptor. By combining the R, values that were calculated from steady-state
spectroscopy with the FRET efficiencies of each construct and environment, we can

calculate Rpa using Eq. 6.1.

6
A (6.1)

These values are shown in Table 6.1. In Figure 6.3A, we observe a decrease in the
donor-acceptor distance for all constructs as [Ficoll-70] increases, as we predicted. As we
discussed in Chapter 5, the flexible loop regions may form more compact structures even
when not in crowding conditions. Figure 6.3 also supports this idea because the G12 and
G18 probes, which have linkers consisting only of random coil, have the lowest dynamic
range of conformations. Surprisingly, the homogenously viscous environments of
glycerol-enriched buffer (Figure 6.3B) show almost no trend in donor-acceptor distance
as [glycerol] increases, despite the decreases in FRET efficiency found in Figure 6.1B.
This observation may be best explained through two effects: changes in refractive index
and a reduction in thermal fluctuations as describe below.

As shown in Figure 6.2 and Table 6.1, the Forster distance in high concentrations
of glycerol is much lower than in PBS. In other words, the fluorophores must be closer
together to achieve the same FRET efficiency. We had hypothesized little to no
conformational changes in the probe under homogenously viscous environments. If we
consider the change in R, due to refractive index changes, we then would expect a
decrease in FRET efficiency if there is no conformational change, which is what we
observe (Figure 6.1 and 6.3). The decreases in FRET efficiency but little conformational
change may also be due to a reduction in thermal fluctuations, as suggested by the
Stokes-Einstein model. This reduction would limit the mobility of the entire probe

thereby reducing the sampling of favorable dipole-dipole orientations. By analyzing the
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donor-acceptor distances, it appears that we can eliminate the complications that
refractive index and/or thermal fluctuations might have on FRET efficiency. This

assumption is also supported by the fitting parameters discussed in Chapter 4.

6.3 Using Eq. 4.7 for population changes in the constructs

When we revisit the scenarios described in Section 4.1, we can further understand
these constructs’ responses to macromolecular crowding. We proposed that the proteins
have two ways of increasing overall FRET efficiency: increasing the rate of energy
transfer of an already established population, or increasing the population capable of
FRET by decreasing the donor-acceptor distance. To understand which possibility is
occurring, we looked at the pre-exponential factor of Eq 4.6, which is related to the
population of constructs capable of undergoing FRET.

As shown in Figure 6.4A, we observe an increase in populations capable of
undergoing FRET for four out of five constructs when these proteins are in a
heterogeneous environment of Ficoll-70 enriched buffer. Interestingly, the G12 protein,
the smallest probe of this family of FRET sensors, does not exhibit an increase in the
FRET capable population, rather this population decreases while simultaneously
increasing FRET efficiency. These data suggest that the G12 construct increases FRET
efficiency by increasing the energy transfer rate, in contrast to the other probes that
increase both the population of constructs capable of undergoing FRET and their energy
transfer rates. These results also support the idea that a linker, made up of only random
coil, is too compact in PBS to allow for a greater dynamic range of FRET efficiencies.

For homogenously viscous environments (Figure 6.2B), we observe no clear
trends for the different probes. These results suggest that homogenous environments do
not affect their respective populations of FRET-capable probes. These results also
suggest that the average donor-acceptor distance does not change due to viscosity.

It is also interesting to examine the relationship between the theoretical donor-
acceptor distance (Rpa) and the Forster distance. As discussed in Section 2.8, the closer
the initial donor-acceptor distance is to the Forster distance, the more sensitive the FRET

efficiency becomes to small conformational changes. But this sensitivity appears to come
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at a cost of conformational flexibility, which is perhaps best demonstrated by the G18
and G12 probes. These two constructs have the smallest donor-acceptor distance in
buffer, but the range of conformations is much lower than the conformational range of

the E6, E6G2, or GE constructs.

6.4 Conclusions

This series of five protein constructs has demonstrated dynamic FRET
efficiencies in both heterogeneous and homogenous environments. Heterogeneous
environments increase FRET efficiencies by decreasing the average donor-acceptor
distance, whereas, the constructs in homogenous environments have shown decreased
FRET efficiencies. Despite the decrease in FRET efficiency, when combining the results
with the Forster distance, we observe no conformational changes in homogenously
viscous environments. Additionally, the smaller probes, G18 and G12 appear to have less
sensitivity due to a collapsed structure in PBS and therefore cannot become any more
compact when in crowded environments. In contrast, the proteins with longer, more rigid

linkers are observed to have large dynamic ranges.
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Table 6.1 Forster distance and donor-acceptor distance (Rpa) for all constructs and
environments. Error is not reported due to one measurement of steady-state spectroscopy.

Environment R, (nm) GE (nm) E6G2 Eé6 G18 G12
(nm) (nm) (nm) (nm)

PBS 5.26 8.0 7.3 7.2 6.5 6.2

Ficoll-70 100 5.24 7.7 7.0 6.8 6.3 6.1

g/L

Ficoll-70 200 5.21 7.3 6.7 6.6 6.2 6.0

g/L

Ficoll-70 300 5.14 7.0 6.4 6.4 6.0 59

g/L

Glycerol 340 5.19 8.0 7.6 7.3 6.5 6.3

g/L

Glycerol 480 5.14 8.0 7.6 7.1 6.5 6.3

g/L

Glycerol 620 5.09 7.8 7.5 7.2 6.5 6.3

g/L

Glycerol 760 5.06 7.9 7.3 7.1 6.4 6.3

g/L
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Figure 6.2 Predicted FRET efficiencies for any donor-acceptor distance (Rpa). These
calculations were calculated using Eq. 6.1, where we estimated R, using steady-state
spectroscopy and refractive index (Table B.1).
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one measurement of steady-state spectroscopy. The dotted line is for visual guidance for
trend and not a fit.
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Chapter 7
Conclusions and future studies

Disclosure: This Chapter has been published, in part, in the following:

Currie, M., Leopold, H., Schwarz, J., Boersma, A., Sheets, E.D., Heikal, A.A. (2017)
"Fluorescence Dynamics of a FRET Probe Designed for Crowding Studies" Journal of
Physical Chemistry (B).

7.1 Conclusions

In this Thesis, we explored many different aspects of newly developed FRET-
based sensors of macromolecular crowding. Steady-state spectroscopy measurements,
from both previous studies and the work presented here (Chapter 3), have shown that the
FRET efficiencies of these constructs will increase upon exposure to heterogeneous,
macromolecular crowding environments. Additionally, we have little to no response to
homogenous viscosity. Our ultimate goal is to monitor the effects of macromolecular
crowding using these rationally designed proteins in vivo as live cells react to various
conditions (e.g., the cell cycle) or stimuli (e.g., signal transduction), and steady-state
spectroscopy is an impractical technique for in vivo studies.

Before we embarked on the time-resolved fluorescence lifetime experiments
(Chapters 5), it was essential to have an understanding of the system and how the excited
state dynamics of the constructs should react. Therefore, we developed models for
populations undergoing FRET or not (Chapter 4), which allowed us to simulate our
anticipated experimental results.

We next aimed to further understand these probes using a more non-invasive
approach using time-resolved fluorescence lifetime measurements. Initially, we wanted to
understand these probes better in the controlled environment of pure buffer (Chapter 5).
As expected, linker length and rigidity played important roles for determining the initial
FRET efficiency of the probes. FRET efficiency increased with shorter linker length, due
to the fluorophores being inherently closer together. Additionally, a more flexible linker
also provides more inherent FRET efficiency, as the linkers are able to conform to more
compact structures. With respect to the individual constructs, we observed similar trends
seen in steady-state spectroscopy when investigating heterogeneous crowding. However,
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when using lifetime measurements, these trends in FRET efficiency conflict with
previous findings upon investigations into homogenous viscosity, which may be due to
the influence of high refractive index on the fluorescence lifetimes.

We had hypothesized that these probes would undergo conformational changes
upon heterogeneous crowding and little to no conformational changes upon homogenous
crowding. To test this hypothesis, we examined the donor-acceptor distances, in both
types of environments (Chapter 3 and 6). By combining the Forster distance (calculated
for each environment), with FRET efficiency (Eq. 6.1), we eliminated the influence of
refractive index changes. We then could estimate the donor-acceptor distances for each
environment. These results are shown in Figure 6.2, where upon Ficoll-70 induced
macromolecular crowding, the donor-acceptor distance decreases, confirming the
conformational changes due to heterogeneous crowding. Also, despite the decreases in
FRET efficiency upon homogenously crowded environments, we can see there is no
change in the donor-acceptor distance. This confirms the second hypothesis in regards to
conformational changes.

Our results that are described throughout this Thesis suggest that the E6 and
E6G2 proteins may be ideal for future in vivo studies due to more rigid structure and
larger distances between the fluorophores in the absence of crowding agents. This
additional rigidity and larger initial distance allows for greater conformational changes to
occur upon crowded environments thereby increasing the sensitivities of these two
proteins.

7.2 Future directions

The high-impact, potential applications of these constructs are vast, specifically in
respect to in vivo studies. In addition, due to the ability for genetic encoding into
mammalian cells, the next advances we aim to make are incorporating these constructs
into living cells. Then by using non-invasive techniques, such as two-photon FLIM (51) ,
we can begin characterizing these constructs in more complex environments. We are also
focusing on the purification of donor and acceptor molecules alone, allowing us to better
characterize these fluorophores without complications possibly induced through the

cleavage of the probe.
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Appendix A Fitting parameters of all intact and cleaved constructs in heterogeneous
and homogenous environments

Each construct was purified at least twice. Fluorescence lifetimes were measured using
425 nm excitation and 475/50 nm detection. The parameters shown in Tables A.1.1-A.1.5
are the average of two trials unless otherwise noted. Table A.1.6 shows the cleaved
parameters which were found to decay as a single exponential under 425 nm excitation
and 475/50 detection. Error in T values are reported as 20% the FWHM of the system
response function used to fit the decay.

Table A.1.1 Average fitting parameters of the GE constructs in various environments,
under 425 nm excitation and 475/50 detection. Error for A; and A; are not reported due
to insufficient number of trials

GE A1 (%) t1(ns) A (%) t; (ns) <t> (ns) E (%)
PBS 16.36 2.14 £ 83.64 3.99+ 3.69 + 7.59 +
0.03 0.03 0.03 0.6
Ficoll-70 100 18.07 1.91 + 81.93 3.890+ 3.53+ 9.20 +
g/L 0.03 0.03 0.03 0.7
Ficoll-70 200 22.54 1.76 + 77.46 3.82+ 3.36 + 12.16 +
g/L 0.03 0.03 0.03 0.7
Ficoll-70 300 2431 1.66 + 75.69 3.75+ 3.24 + 13.55+
g/L 0.03 0.03 0.03 0.7
Glycerol 340 15.86 2.14 + 84.14 3.74 349+ 6.79 +
g/L 0.03 0.03 0.03 0.7
Glycerol 480 15.61 215+ 84.39 3.63+ 340+ 6.36 +
g/L 0.03 0.03 0.03 0.7
Glycerol 620 21.05 231+ 78.95 3.52+ 327+ 7.24 +
g/L 0.03 0.03 0.03 0.8
Glycerol 760 14.98 1.87 £ 85.02 335+ 3.13+ 6.62 +
g/L 0.03 0.03 0.03 0.9
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Table A.1.2 Average fitting parameters of the E6G2 constructs in various environments,
under 425 nm excitation and 475/50 detection. Error for A; and A; are not reported due to
insufficient number of trials

E6G2 A1 (%)  tns) A2 (%) t(ns) <t>(ns) E (%)
PBS 25.60 208+ 7440 398+ 349+ 1222+
0.03 0.03 0.03 0.6
Ficoll-70 100 g/ 26.75 1.67+ 7325 390+ 330+ 1530+
0.03 0.03 0.03 0.7
Ficoll-70 200 g/ 28.86 140+ 7114 380+  3.11+ 1823+
0.03 0.03 0.03 0.8
Ficoll-70 300 g/ 31.39 116+  68.61 372+ 291+  21.60+
0.03 0.03 0.03 0.8
Glycerol 340 g/ 20.85 209+  79.15  3.68+ 335+ 9.0l
0.03 0.03 0.03 0.7
Glycerol 480 g/ 20.24 202+  79.61 356+ 325+ 877+
0.03 0.03 0.03 0.8
Glycerol 620 g/ 19.97 1.89+  80.03 343+ 312+ 897+
0.03 0.03 0.03 0.8
Glycerol 760 g/ 20.80 174+ 7920 328+ 296+ 977+
0.03 0.03 0.03 0.9

Table A.1.3 Average fitting parameters of the E6 constructs in various environments,
under 425 nm excitation and 475/50 detection. 95% confidence interval is reported for
A and A, using 3 replicates.

E6 Ay (%) t1(ns) A; (%) t(ns) <t>(ms) E (%)

PBSt 28 £2 212+ 72+3 4.00 + 347+ 13.46 £
0.03 0.03 0.03 0.6

Ficoll-70 100 g/Lt 3142 191+ 69 +2 392+ 330+ 15.02 +
0.03 0.03 0.03 0.7

Ficoll-70 200 g/Lt 33 +4 1.70 £ 67 +4 3.83 % 3.13 & 16.00 £
0.03 0.03 0.03 0.8

Ficoll-70 300 g/t 34+4 1.51+ 66+5 375+ 2.99 + 19.36 +
0.03 0.03 0.03 0.9

Glycerol 340 g/L.t+  28+2 2.16 + 72 +£2 375+ 330+ 11.40 £
0.03 0.03 0.03 0.7

Glycerol 480 g/t  26.5+ 2.10 + 73.5+ 3.63 322+ 10.07 £
0.4 0.03 0.4 0.03 0.03 0.8

Glycerol 620 g/t  26+2 2.09 + 73.86 £ 351+ 3.14+ 10.14 +
0.03 0.03 0.03 0.03 0.9

Glycerol 760 g/L¥ 27+5 1.97 £ 73.21 + 337+ 3.00 = 1031 +
0.03 0.06 0.03 0.03 0.9
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Table A.1.4 Average fitting parameters of the G18 constructs in various environments,
under 425 nm excitation and 475/50 detection. Error for A; and A; are not reported due to
insufficient number of trials. (*) indicates only one valid trial is available

GI18 A (%) tins) A (%) t(ns) <t>(ns) E (%)
PBS 4034 178+  59.66 397+  3.09+ 2225+
0.03 0.03 0.03 0.7
Ficoll-70 100 g/L 4179  1.60+ 5821 389+ 293+ 2460+
0.03 0.03 0.03 0.8
Ficoll-70 200 g/L 4275 142+ 5725 379+ 278+ 2673+
0.03 0.03 0.03 0.9
Ficoll-70 300 g/L 4416 130+ 5584 372+ 265+ 2873+
0.03 0.03 0.03 0.9
Glycerol 340 g/L 3846 175+ 6154 371+ 296+ 2032+
0.03 0.03 0.03 0.8
Glycerol 480 g/L 4039  1.86+  59.61 359+  2.89+ 1946+
0.03 0.03 0.03 0.9
Glycerol 620 g/L* 3478  1.63+ 6522 344+ 281+ 1830+
0.03 0.03 0.03 1
Glycerol 760 g/L 3139 153+ 6861 330+ 267+ 19.09+
0.03 0.03 0.03 1

Table A.1.5 Average fitting parameters of the G12 constructs in various environments,
under 425 nm excitation and 475/50 detection. (*) indicates only one valid trial is
available. Error for A; and A, are not reported due to insufficient number of trials

G12 A (%)  tins) Ay (%) t(ns) <t>(ms) E (%)

PBS 49.79 1.62+ 5021 398+ 289+  24+1
0.03 0.03 0.03

Ficoll-70 100 g/L.  47.47 159+  52.53 390+ 280+ 261
0.03 0.03 0.03

Ficoll-70 200 g/ 46.39 130+ 53.61 381+ 265+ 30«1
0.03 0.03 0.03

Ficoll-70 300 44.08 111+ 5592 374+ 258+ 31«1

g/L* 0.03 0.03 0.03

Glycerol 340 g/ 45.72 1.81+ 5428 372+ 284+  22+1
0.03 0.03 0.03

Glycerol 480 g/ 45.42 179+  54.58 3.60+ 278+ 20«1
0.03 0.03 0.03

Glycerol 620 g/ 45.41 176+ 54.59 348+ 270+ 201
0.03 0.03 0.03

Glycerol 760 g/ 44.51 1.69+ 5549 332+ 259+ 19«1
0.03 0.03 0.03
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Table A.1.6 Average lifetime values of cleaved constructs. Each value contains error
based on 20% the system response function FWHM (£ 0.03 ns).

GE (ns) E6G2 E6 (ns) G18(ns) GI12 (ns)

(ns)
PBS 3.99 3.98 4.00 3.97 3.98
Ficoll-70 100 3.89 3.90 3.92 3.89 3.90
g/L
Ficoll-70 200 3.82 3.80 3.83 3.79 3.81
g/L
Ficoll-70 300 3.75 3.72 3.75 3.72 3.74
g/L
Glycerol 340 3.74 3.68 3.75 3.71 3.72
g/L
Glycerol 480 3.63 3.56 3.63 3.59 3.60
g/L
Glycerol 620 3.52 3.43 3.51 3.44 3.48
g/L
Glycerol 760 3.35 3.28 3.37 3.30 3.32
g/L
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Appendix B Refractive indexes and viscosity use for calculations of Strickler-Berg
relationship and R,

Table B.1.1 Refractive indexes and viscosities of various environments as collected by
Chang Thao (2013).

Refractive Index Viscosity (cp)

PBS 1.33 1.26 £ 0.09
Ficoll-70 100 g/L 1.35 3.36 £0.007
Ficoll-70 200 g/L 1.36 10.1 £0.4
Ficoll-70 300 g/L 1.38 28.5+0.3
Glycerol 340 g/L 1.38 3.0£0.1
Glycerol 480 g/L 1.39 4.95+0.03
Glycerol 620 g/L 1.41 8.74 £ 0.05
Glycerol 760 g/L 1.42 18.2+£0.2
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