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Abstract

This thesis discusses the development of novel multi-dimensional fluorescence microscopy,
particularly fluorescence lifetime imaging (FLIM) technology, and its application to imaging
Forster Resonance Energy Transfer (FRET) events in live cells. Particular emphasis is placed
on imaging activation of Ras family GTP-ases and binding to their effectors, including

Phospholipase C Epsilon (PLC).

The early part of the thesis discusses FLIM-FRET experiments performed using a standard
confocal microscope with time correlated single photon counting (TCSPC) to image
interactions between PLCe and Ras. These early experiments suggested a weak interaction

but this mode of imaging was too slow to capture dynamics of Ras activation in live cells.

The long acquisition times required by the TCSPC microscope prompted the development of
a high speed FLIM microscope using wide-field time-gated imaging, which was combined
with a Nipkow disc confocal scan head to achieve optical sectioning. This system was
characterised and its performance compared with commercially available TCSPC FLIM
microscopes, demonstrating the enhancement in imaging speed for comparable accuracy of
lifetime determination. This new microscope was subsequently applied to study the

activation of the H-Ras oncogene in live cells following EGF stimulation.

The latter part of the thesis discusses the development of a second novel microscope system
for multiplexed FRET studies — using both FLIM and spectral ratiometric imaging to
monitor two different FRET pairs expressed within a single live cell. A CFP-YFP cameleon
FRET biosensor was used to probe calcium signals in cells expressing different PLC
isoforms and this was complemented by several novel Ras activation sensors that were
designed using fluorescent proteins in the red end of the visible spectrum. Calibration
experiments were carried out to determine the optimal fluorophores and filter sets for
imaging multiplexed biosensors and the potential for imaging dynamics of calcium flux and

Ras activation within the same cell were investigated.
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Jablonski diagram showing electron transitions between quantum states in a
molecule.

Example absorption and emission spectra for a fluorescent species. The Stokes shift
defines the shift in wavelengths between the excitation and emission, relating to the
energy lost by the electron through internal conversion.

Chemical structure of chemical dyes commonly used in fluorescence microscopy.
Systems of conjugated carbon bonds are evident throughout.

Left: Aequorea Victoria jellyfish: Right: Ribbon model of GFP structure. The
protein has a barrel-like structure composed of 11 Beta sheets, through the centre of
which runs an alpha-helix. The chromophore region of the molecule is contained
inside the Beta-barrel, as shown here in orange.

Chromophore maturation within GFP. For clarity, the alkyl groups of serine 65 and
tyrosine 66 are shaded in grey and pink respectively (the third alkyl group, in
glycine 67 constitutes a single hydrogen atom, hence is not shown). The yellow
shaded areas show the two atoms involved in nucleophilic attack which leads to the
formation of the imidazole ring shown on the right.

Wide-field fluorescence microscope. The sample is illuminated by an incoherent
light source and the ensuing fluorescence imaged on to a wide-field detector. Use
of a suitable dichroic and emission filter allows one to separate the excitation light
from fluorescence with high signal to noise.

Principle of the confocal microscope: The sample is illuminated by a point source
and fluorescence imaged onto a point detector (blue rays). An aperture placed in
front of the detector excludes light from planes outside of focus reaching the
detector (red rays), thus by scanning the beam across the sample one can build up
an image of a single plane.

Jablonski diagrams for single photon and two-photon excitation. In the latter, two
photons combine in a single absorption event, provided the incident photon flux is
high enough.

Spectral imaging. By measuring the intensity of fluorescence emission in different
spectral channels, one can discriminate the signal from fluorophores with different
emission spectra.

Instrumental components for time correlated single photon counting (TCSPC)
FLIM. The arrival times of individual photons are measured with respect to the
excitation pulse and the resultant histogram used to extract the fluorescence decay
and lifetime.

Time-gated detection of fluorescence decays. By varying the delay between the
excitation pulse signal and the gate on the intensifier, one is able to collect intensity
images at different times during the fluorescence decay. This series of images can
then be used to compute the lifetime for each pixel in the image series.

Gated optical intensifier (GOI). This figure shows the 3 main components - the
photocathode, microchannel plate (MCP) and phosphor screen.

Principle of frequency domain lifetime analysis. An intensity modulated light
source is used to excite the sample, and the lifetime calculated by measuring the
phase shift or change in modulation depth of the fluorescence intensity.

The overlap integral J(1) in Forster’s equation defines the extent of overlap between
the donor emission spectrum and the acceptor absorption spectrum.

FRET efficiency as a function of donor-acceptor separation R for an arbitrary value
of ROA

Intramolecular FRET. Labelling a protein or molecule with both donor and
acceptor allows one to image protein activation or ligand binding by reading out
FRET between the two fluorophores.

Intermolecular FRET. Labelling of separate species with donor and acceptor allows
one to image their interactions by reading out the FRET signal between the two
fluorophores.

Spectral ratiometric FRET analysis: FRET can be detected by a relative increase in
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fluorescence at longer wavelengths, due to sensitised emission from the acceptor.
Fluorescence lifetime decays in the presence of (red) and absence of FRET (green).
If FRET occurs, the donor fluorescence is quenched and the molecule on average
spends less time in the excited state. This means that proportionally more photons
are emitted at earlier time points.

Imaging Homo-FRET by polarisation anisotropy. Secondary excitation of acceptors
by FRET results in an increase in the depolarisation of fluorescence, when the
sample is excited by a polarised light source.

FlAsH technology for labelling proteins (Figure courtesy of Invitrogen).

Spectral overlap between the EGFP emission spectrum and the absorption spectra
of the three prospective FRET acceptors mOrange, mRFP and mCherry.

Temporal decay profiles for EGFP and each of the 3 donor/acceptor pairs EGFP-
mRFP, EGFP-mOrange and EGFP-mCherry.

Labelling of S-Agarose beads with purified protein FRET constructs.

Top - FLIM images of beads labelled with EGFP, EGFP-mRFP and EGFP-
mCherry (Scale bar = 50 pm) Bottom - Fluorescence lifetime histograms for the
images shown.

Regulation of GTP-ase activation by GEFs and GAPs. GEFs facilitate the transition
from a GDP bound state to a GTP-bound state in which the GTP-ase is able to
engage with effectors and so propagate downstream signals. GAPs, meanwhile
return the protein to an inactive form by helping speed the protein’s hydrolysis of
GTP back to GDP.

Ras is activated in response to signals from outside the cell. Activation of tyrosine
receptor kinases by signal ligands initiates the Grb-2-Sos pathway, leading to Ras
activation at the plasma membrane.

Key Ras effectors and downstream signal pathways.

Signaling via Phospholipase C (PLC) In response to agonist stimulation of cell
surface receptors, PLC is recruited to the membrane where it catalyses hydrolysis
of PIP,, resulting in the soluble product IP; and membrane bound diacylglycerol
DAG. IP; in turn promotes release of Ca”" from intracellular stores through binding
to the IP; receptor in the endoplasmic reticulum.

Domain structure of Phospholipase C family members PLCP, PLCy, PLC3, and
PLCe. The X-Y catalytic domain is conserved across all members, as are the C2
and EF domains. PLCg (bottom) possesses an additional 2 Ras association (RA)
domains at the C terminus, while the CDC25 domain at the N terminus has been
implicated in GEF signaling to small GTP-ases.

Truncated PLCe fusion protein (rPLCe-EGFP).

Western blots of mRFP-labelled small Ras GTP-ases (left) and

rPLCe-EGFP (right), using whole cell lysates from transfected COS cells.
Localisation of rPLCe-EGFP in COS cells (top row) and MDCK cells (bottom
row). In a small number of cells, rPLCe-EGFP was seen to translocate to the
membrane in response to EGF stimulation. The left hand panel shows serum
starved cells prior to stimulation. The 4 images in the right hand panel were
acquired 10 - 30 mins post EGF stimulation. Scale bar = 15 pm.

FLIM images of MDCK cells expressing rPLCe-EGFP and H-Ras-mRFP. The top
row in each panel shows localisation images of rPLCe-EGFP (green) and H-Ras-
mRFP (red). The bottom row in each panel shows the fluorescence lifetime map
(left) and a merged image of lifetime with donor intensity (right). In both cases, the
colorbar bounds are 2000 ps (blue) to 3000 ps (red). Scale bars = 20 pum.

FLIM images of MDCK cells expressing rPLCe-EGFP and K-Ras-mRFP. The top
row in each panel shows localisation images of rPLCe-EGFP (green) and K-Ras-
mRFP (red). The bottom row in each panel shows the fluorescence lifetime map
(left) and a merged image of lifetime with donor intensity (right). In both cases, the
colorbar bounds are 2000 ps (blue) to 3000 ps (red). Scale bars = 20 um.

FLIM images of MDCK cells expressing rPLCe-EGFP and N-Ras-mRFP. The top
row in each panel shows localisation images of rPLCe-EGFP (green) and N-Ras-
mRFP (red). The bottom row in each panel shows the fluorescence lifetime map
(left) and a merged image of lifetime with donor intensity (right). In both cases, the
colorbar bounds are 2000 ps (blue) to 3000 ps (red). Scale bars = 20 pum.

FLIM images of MDCK cells expressing rPLCe-EGFP and K-Ras-mRFP. From
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Figure 6.3

Figure 6.4
Figure 6.5
Figure 6.6

Figure 6.7

left: Intensity image of rPLCe-EGFP localisation, with membrane translocation
particularly evident. Second from left: Fluorescence lifetime map (continuous
color-scale). Third from left: Fluorescence lifetime map (binary color-scale, to
emphasise the shorter lifetime seen at the cell membrane). Fourth from left:
Intensity image merged with FLIM map (continuous color-scale). Scale bar = 10
pm.

FLIM images of MDCK cells overexpressing rPLCe-EGFP and K-Ras-mRFP. The
top row in each panel shows localisation images of rPLCe-EGFP (green) and K-
Ras-mRFP (red). The bottom row in each panel shows the fluorescence lifetime
map (left) and a merged image of lifetime with donor intensity (right). The colorbar
bounds are 2000 ps (blue) to 3000 ps (red). EGF was not used to treat the cells in
either data set. Scale bars =20 pm.

FLIM images of MDCK cells overexpressing rPLCe-EGFP and H-Ras-mRFP. The
top row in each panel shows localisation images of rPLCe-EGFP (green) and H-
Ras-mRFP (red). The bottom row in each panel shows the fluorescence lifetime
map (left) and a merged image of lifetime with donor intensity (right). The colorbar
bounds are 2000 ps (blue) to 3000 ps (red). EGF was not used to treat the cells in
either data set. Scale bars =20 um.

FLIM images of MDCK cells expressing PLCe(RA2)-EGFP and H-Ras-mRFP.
The top row in each panel shows localisation images of PLCe(RA2)-EGFP (green)
and H-Ras-mRFP (red). The bottom row in each panel shows the fluorescence
lifetime map (left) and a merged image of lifetime with donor intensity (right). The
colorbar bounds are 2100 ps (blue) to 3000 ps (red). Scale bars = 20 um.

FLIM images of PLCg(RA2)-EGFP in COS cells coexpressing H-Ras-mRFP. Top
left: Intensity image, top right: Fluorescence lifetime (discrete lifetime scale),
bottom left (continuous lifetime scale), bottom right: lifetime merged with intensity
image. Scale bars = 10 pm.

FLIM images of MDCK cells expressing Raf-RBD-EGFP and H-Ras-mRFP. The
top row in each panel shows localisation images of Raf-RBD-EGFP (green) and H-
Ras-mRFP (red). The bottom row in each panel shows the fluorescence lifetime
map (left) and a merged image of lifetime with donor intensity (right). The colorbar
bounds are 2100 ps (blue) to 3000 ps (red). Scale bars = 20 um.

Fluorescence lifetime images of Raf-RBD-EGFP in MDCK cells coexpressing H-
Ras-mRFP. Top left: Intensity image, top right: Fluorescence lifetime (discrete
lifetime scale), bottom left (continuous lifetime scale), bottom right: lifetime
merged with intensity image. Scale bars = 10 pm.

Fluorescence lifetime histograms of Raf-RBD-EGFP (left) and PLCe(RA2)-EGFP
(right) in COS cells expressing H-Ras-mRFP. Both pairs of constructs showed a
fall in lifetime at the membrane compared to the cytoplasmic fraction, although this
shift was smaller in the case of PLCe(RA2)-EGFP.

Instrumentation for wide-field time-gated fluorescence lifetime imaging.

The Yokogawa CSU10 microscope series uses an array of microlenses to focus
light through each hole in the Nipkow disc. This increases the transmission of
excitation light through the disc whilst keeping the spacing between pinholes large
enough the preserve the optical sectioning effect.

Optical set up for wide-field optically sectioning FLIM microscope.

Schematic of Yokogawa CSU10 scan head, microscope and CCD camera. (The
GOI, which for FLIM measurements is placed between the CSU10 and CCD, is not
shown in this figure).

Excitation light path in Yokogawa CSU10 scan head.

Fluorescence light path in the Yokogawa CSU10 scan head.

Sectioned image stack through a COS 7 cell expressing H-Ras-mRFP and Raf-
RBD-EGFP, displaying FRET at the plasma membrane following stimulation by
epidermal growth factor EGF. Each image was recorded in 5s, with a 120s total
acquisition time.

Representative images of EGFP expressing cells captured on the Nipkow disc
microscope (left column) and confocal system (right column) with different
acquisition times. Note that the noise is far more prevalent in the images of cells
obtained on the TCSPC. The white pixels seen here are those where an erroneous
lifetime has been calculated while lies beyond the bounds of the color scale.
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Plots of the mean fluorescence lifetime and standard deviation measured from cells
expressing EGFP using confocal TCSPC, and time-gated Nipkow disc microscopy.
The mean lifetime recorded on the Nipkow disc is constant across the range of
acquisition times, even with as short an acquisition time as 1s. In contrast, on the
confocal TCSPC system an artefact is seen for acquisition times below 10s, owing
to the reduced number of photons detected. This shortage of fluorescence photons
is further highlighted in the plot of standard deviation, where the increased width of
the lifetime distribution is evident across the full range of acquisition times.

Optical set-up for characterising the intensifier noise. A CW LED was focussed
onto a diffuser wheel and then collimated to fill the aperture of the photocathode.
The total flux incident on the GOI was adjusted by use of different ND filters
placed before the detector.

a) Acquired intensity image at 850 V, 1 ms integration time with a 0.0076%
transmission filter. Figures b and ¢ show the same image thresholded at 200DN and
250DN, respectively.

Mean photon count as a function of integration time, for ND 0.0076% transmission.
Intercept of fitted function for different threshold values, at ND 0.0076%
transmission.

Variation in standard deviation squared with digital number, at different gain
settings.

Standard deviation measured for different gain settings.

Signal to noise ratio SNR as a function of digital number for different gain settings.
k values for different MCP gain settings.

Signal to noise ratio as a function of detected photons for different MCP gain
settings. Inset: An expanded region of the graph for lower numbers of detected
photons.

Accuracy in lifetime as a function of acquisition time for three cases: i) confocal
time correlated single photon counting with a count rate of 106s-1; ii) confocal time
correlated single photon counting with a count rate of 105s-1; iii) the Nipkow disc
system, assuming a flux per pixel equal to that calculated from cells expressing
EGFP. Note that lines drawn here do not take into account the effects of image
smoothing, hence the slight increase in error compared to Figure 5.8.

Time lapse fluorescence lifetime imaging of Raf-RBD-EGFP interacting with H-
Ras-mRFP at the cell membrane in MDCK cells. Within 30 seconds of adding
EGF, a shortening of the EGFP donor lifetime was observed at the cell membranes,
indicating activation of H-Ras-mRFP. The maximum shift in lifetime was seen at
10 mins, after which the lifetimes began to rise, indicating a transient activation
profile. Left column: Donor fluorescence lifetime (continuous scale); middle
column: donor fluorescence lifetime (binary scale, thresholded at 2400 ps); right
column: merged fluorescence lifetime with intensity; bottom: H-Ras-mRFP
localization.

a) Mercury lamp images of live MDCK cells expressing either EGFP or a tandem
construct of EGFP-mRFP. The fluorescence in the red channel shows only this cell
expresses both fluorophores. b) Fluorescence lifetime images of the same field of
view, captured at frame rates of 1 Hz (top row), 5 Hz (middle row) and 10 Hz
(bottom row). Also shown are the lifetime histograms for each image. Lifetimes
were measured using a two gate RLD method. The shorter lifetime in the cell
expressing both fluorophores is evident even when imaging at 10 Hz.

Schematic of the Dual View Imager from Optical Insights. The Dual View can be
used to spectrally resolve fluorescence from the sample into two channels, imaged
onto the same CCD chip.

Dual channel image of COS cells expressing the YCAM 3.6 sensor.

Flow chart for batch analysis of dual view time-lapse sequence images.

Time-lapse sequence of ratiometric FRET images of cells expressing full length
(untagged) PLCe and YCAM 3.6, stimulated with EGF. Immediately after
stimulation, a large calcium flux was seen to occur in the perinuclear region of the
cell, as seen here from the increased ratio of the Venus / ECFP channel intensities,
which gradually subsided over the course of 5 minutes.

Variation in Venus/ECFP intensity ratio for live COS cells coexpressing YCAM
3.6 and the three PLC isoforms, or YCAM 3.6 alone, when stimulated with EGF.
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Figure 7.5

Figure 7.6
Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

Figure 7.11
Figure 7.12

Figure 7.13

Figure 7.14

Figure 7.15

Figure 7.16
Figure 7.17
Figure 7.18

Figure 7.19

Figure 7.20

Figure 7.21
Figure 7.22

FRET probes for sensing Ras activation. Left: The Raichu intramolecular FRET
sensor designed by Miyawaki et al. Right: An intermolecular FRET sensor
consisting of separately labelled Ras and Raf constructs. (Note that the domain
labelled Raf here refers only to the Ras binding domain of Raf Kinase and not the
full length protein).

Absorption and emission spectra of visible fluorescent proteins.

Absorption and emission spectra for ECFP/Venus and mOrange/mCherry FRET
pairs. The absorption spectra have been normalised to the respective absorption
coefficient of each fluorophore and the emission spectra normalised to their
respective quantum yields. The vertical lines in the absorption spectra indicate
possible choices for the excitation wavelength. The shaded regions in the emission
spectra are suggested filters for dual channel intensity measurements.
Fluorescence lifetime images of mOrange (top row) and mOrange-Raichu-mCherry
(bottom row) in COS cells stimulated by EGF. Images on the right are the lifetime
maps merged with the intensity image. Inset: [llustration of the mOrange-Raichu-
mCherry probe.

Absorption and emission spectra of Venus, mOrange and mCherry, with the
spectral bands used in Filter set 1 (left column) and set 2 (right column) shown in
the shaded regions. The dotted lines indicate the dichroic cut-off wavelength in the
two cases.

Fluorescence intensity and lifetime images of mOrange-Raichu-mCherry expressed
in MDCK cells, imaged using the two filter sets F1 (top row) and F2 (bottom row).
Lifetime histograms for the images in Figure 7.10 above.

Box plot showing the distribution of mean lifetimes in the mOrange spectral
channel, when imaging cells expressing different combinations of mOrange,
YCAM and mCherry with the two filter sets F1 and F2.

Absorption and emission spectra of Venus, mOrange and mPlum with the spectral
bands used to excite and detect shown in the shaded regions. The dotted lines
indicate the dichroic cut-off.

Box plot showing distributions of mean lifetime in cells expressing different
combinations of mOrange, YCAM and mPlum.

Fluorescence lifetime images of mOrange and mOrange-Raichu-mPlum in COS
cells. Top row: FLIM map and intensity merged image of mOrange. Middle and
bottom rows: FLIM maps and intensity merged images of mOrange-Raichu-mPlum
fixed after different periods of stimulation by EGF.

Fluorescence lifetime histograms from cells expressing mOrange, and mOrange-
Raichu-mPlum stimulated for different periods with EGF.

Absorption spectra and emission spectra for TagRFP, YCAM and mPlum. Shaded
areas indicate filters used to excite and detect TagRFP fluorescence.

Box plot showing distributions of mean lifetime in cells expressing different
combinations of TagRFP, YCAM and mPlum.

Top: Fluorescence lifetime images of TagRFP-Raf-RBD in COS cells coexpressing
H-Ras-mPlum, after 10 mins EGF stimulation. Bottom: Lifetime histograms for
regions in the above images, from a region in the cytosol and the plasma
membrane. The lifetime shift at the membrane is evidence of FRET between
TagRFP-Raf-RBD and H-Ras-mPlum.

Top: Final probe selection for multiplexed FRET: An ECFP/Venus YCAM 3.6
cameleon and TagRFP-Raf-RBD/H-Ras-mPlum intermolecular FRET pair for
sensing Ras activation at the membrane. Bottom: Full absorption and emission
spectra showing excitation wavelengths and spectral detection channels for
multiplexed imaging.

Instrumental set up for multiplexed FRET.

Multiplexed FRET imaging of cells expressing the two FRET sensors and full
length PLCe. Top: Ratiometric images of YCAM acquired using the Dual-View at
intervals before and after stimulation (numbers above indicate time in seconds after
cell stimulation with EGF). Middle: FLIM images and merged intensity images of
TagRFP in the same cells, at the time points shown above. Bottom: Graphs of
ECFP and Venus intensity from a region in the cytosol, and TagRFP lifetime from
a region in the cell membrane.
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Chapter 1: Thesis overview

In recent years, the measurement of Forster Resonant Energy Transfer (FRET) - the non-
radiative transfer of energy from an excited state molecule to a neighbouring molecule
spaced at close proximity - has become an increasingly popular tool for in vivo studies of cell
function and behaviour. FRET is a particularly important spectroscopic technique since it
can be used to quantify molecular separation at the scale of nanometers. When implemented
in the microscope, FRET provides a valuable means for studying interactions between

proteins and other species which together form the basis of cell signal networks.

The growing use of FRET microscopy can be attributed to several factors. The development
of novel laser sources, detectors and filters have made spectroscopic imaging techniques
such as fluorescence lifetime imaging (FLIM) and spectral ratiometric imaging more
widespread and have helped to enhance the sensitivity and reliability of FRET
measurements. Techniques such as confocal and multiphoton microscopy have also played a
role, helping to make measurements of fluorescence intensities more robust through
elimination of out of focus light. Most importantly, perhaps, has been the explosion in novel
fluorescent probes and methods for using them to label different cellular species. Together,
these advances have opened up new possibilities for labelling of species with suitable tags

for FRET.

The goal of this thesis has been to expand the amount of information that can be acquired
from FRET studies of cell behaviour. This has involved developing novel tools and
instrumentation for imaging FRET in live cells. The biological utility of these instruments
has been illustrated by applying them to monitor the activity of Ras small GTP-ases and
associated signaling components in live cells. Ras proteins lie at the intersection of a
number of key signal pathways linked to cell growth, division and survival and the
information obtained from such studies is therefore highly important for understanding the
regulation of different biological processes, particularly deregulation in cancer. The

following paragraphs provide a brief outline of each chapter in this thesis.

Chapter 2 outlines the basic concepts of fluorescence and fluorescence microscopy. The
properties which characterise a fluorescence signal are discussed, including emission
intensity, absorption and emission spectra, fluorescence lifetime and fluorescence
polarisation. The different types of fluorescence microscope are presented with a discussion

of how spectroscopic techniques, including spectrally resolved imaging and fluorescence
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lifetime imaging can be implemented in such systems. The instrumentation for fluorescence
lifetime imaging, including time correlated single photon counting (TCSPC) and wide-field

time-gated and frequency domain imaging, are also discussed.

Chapter 3 introduces FRET as a process in which a fluorophore can transfer energy non-
radiatively to a neighbouring chromophore through long range coupling of the two species’
transition dipole moments. The dependence of energy transfer efficiency on the distance
separation of the two species is discussed and used to explain the utility of FRET for probing
intermolecular distances. Different methods for imaging FRET are presented — these include
ratiometric imaging, fluorescence lifetime imaging (FLIM) and polarisation resolved
imaging. The typical fluorophores and labelling strategies used in FRET microscopy are also
reviewed. The chapter concludes with the results of experiments comparing the extent of
energy transfer between different pairs of fluorescent proteins when covalently linked by a

short peptide sequence.

Chapter 4 outlines methods used for preparation of biological samples throughout this thesis.

In Chapter 5, the role of Ras family proteins in cell signal pathways is discussed, with
particular emphasis placed on the novel downstream effector, Phospholipase C Epsilon
(PLCe). Interactions between these proteins are studied using time correlated single photon
counting FLIM-FRET measurements of fluorescently labelled Ras and PLCg in cells fixed
prior to and after EGF stimulation. The results of these experiments are also compared with

those using another well documented Ras effector, Raf Kinase.

Chapter 6 discusses the design and characterisation of a wide-field, optically sectioned FLIM
microscope, used to address some of the speed limitations imposed by time correlated single
photon counting techniques. By combining a wide-field time-gated FLIM acquisition
strategy with a spinning Nipkow disc microscope and high power supercontinuum source, it
is possible to acquire optically sectioned FLIM images comparable to those of confocal
microscopes using time correlated single photon counting, at much shorter integration times.
This is verified experimentally by comparing the signal to noise ratio in images of
fluorescently labelled cells acquired using both approaches and through use of simulations,
which model the noise characteristics of each detector and their respective photon
acquisition rate. The improved speed of the wide-field microscope allowed us to study the
dynamics of Ras activation in live MDCK cells, and the possible application of this system

to high throughput screening assays is also discussed.
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In Chapter 7, we discuss the design and implementation of a second wide-field microscope,
capable of monitoring resonant energy transfer between two, spectrally distinct pairs of
fluorophores. Design considerations for the microscope and the probes are presented, with
particular emphasis on the choice of fluorophores used. Using this system, we are able to
demonstrate multiplexed imaging of calcium flux and Ras activation in single live COS cells
following EGF stimulation. The potential of this approach for reporting on multiple aspects

of cell signaling networks is discussed.

Chapter 8 summarises the key results and findings of this thesis, followed by discussion of
possible future directions for this work. This is followed by a list of journal publications and
conference presentations generated by this project. A bibliography of references is provided

at the end.
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Chapter 2: Introduction to Fluorescence Microscopy

2.0. Chapter overview

This chapter introduces some of the core concepts in fluorescence and its implementation in
microscopy. The different modes of fluorescence imaging, including spectrally resolved,
polarisation resolved and time resolved imaging are discussed, together with a review of
fluorescence microscopes commonly used in biology. The chapter also provides an
introduction to different varieties of fluorophores for labelling cellular species and the

relative merits of each.
2.1. Fluorescence

Fluorescence is a physical process whereby a material or medium will absorb a photon of
light, and after a brief interval (typically nanoseconds) reemit a photon, at a slightly longer
wavelength. The absorption and emission of light in this way is caused by the transition of
electrons between different energy levels within the molecule [1]. This is most easily

explained by reference to the Jablonski diagram (Figure 2.0).
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Figure 2.0: Jablonski diagram showing electron transitions between quantum states in a molecule.

The Jablonski diagram shows the different energy states an electron may occupy within an
atom or molecule. Sg is the ground state, whilst S, is the first excited singlet state and T the

first excited triplet state. Within each state there exist additional rotational and vibrational
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modes of freedom, giving rise to a band like structure with a continuum of energy levels.
Following absorption of an incident photon, an electron may be promoted from the ground
state So to the upper energy state S;. Once in the upper energy band, the electron will rapidly
dissipate its energy and fall to the lowest energy level in that band, a process known as
internal conversion. Typically, this will occur over a time scale of 10"'%s. The electron may
then relinquish its remaining energy through one of several processes. In fluorescence, the
electron returns to the ground state via the radiative emission of a photon. The energy lost
through internal conversion is reflected in the longer wavelength of the emission, an effect
known as the Stokes shift. Alternatively, the electron may decay non-radiatively by some
form of quenching mechanism - for example through collisions with other molecules in the
environment. A third possibility is that of intersystem crossing, in which the electron will
undergo a change in spin orientation and populate the triplet state T;. In order to return to the
ground state, the electron must revert to its original spin configuration. The slow rate of spin
conversion means that radiative emission from the triplet state (phosphorescence) is delayed
by many orders of magnitude relative to fluorescence, and may ensue for several seconds

after the initial excitation pulse.
2.2. Properties of Fluorescence

A fluorescent species can be characterised by one of several parameters. These include its
quantum yield, absorption coefficient, absorption (excitation) and emission spectra and
fluorescence lifetime. Each one of these is dependent on the configuration of electronic
energy levels within the molecule. A fluorophore’s interaction with its environment may lead
to perturbations in the electronic configuration — this will in turn be reflected by a change in
one or more of its fluorescent properties. Fluorescence measurements can therefore be used
not only to discriminate between separate species of fluorophore, but also to report on their

local environment. We shall now look at these properties in more detail.
2.2.1. Quantum yield and absorption coefficient

The quantum yield defines the number of photons emitted by the fluorophore as a fraction of
those absorbed when excited to a higher energy state. It therefore indicates how probable
spontaneous emission is, compared against other non-radiative decay routes. This can be

written as shown in Equation 2.0:
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n = L (Equation 2.0)

kg + kg

where ky and &y are the radiative and non-radiative rates of energy loss, respectively.

The absorption coefficient measures the number of photons absorbed as a fraction of those
which are incident on the fluorophore. Its value can be derived from the Beer-Lambert Law,
which determines the fall in intensity as light passes through a medium containing the

absorbing species:

I =1,exp— [s b c] (Equation 2.1)
Here, o is the initial light intensity, ¢ is the molar absorption coefficient (measured in units
of Mol'em™) and b and c¢ are the distance travelled in the medium and concentration of the
absorbing species, respectively.
For fluorophores, the product of the absorption coefficient and quantum yield can be used to

define a quantity called “brightness.” For most types of imaging it is preferable to have as

high a brightness as possible in order to maximise signal to noise ratio (SNR).

2.2.2. Fluorescence absorption and emission spectra

Stokes shift

Intensity

Absorption Emission

N

Wavelength A

Figure 2.1: Example absorption and emission spectra for a fluorescent species. The Stokes shift
defines the shift in wavelengths between the excitation and emission, relating to the energy lost by the
electron through internal conversion .

A fluorophore’s absorption and emission spectra are two of its most characteristic features.
Together, they define the range of wavelengths over which the fluorophore will absorb and

radiate light (Figure 2.1). The origins of these spectra can be understood when we consider
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that each of the states Sy, S;, T| has an associated number of vibrational levels, giving rise to
a range of possible energy transitions. At room temperature, Boltzmann statistics predict that
the population of any one electronic state will tend to reside in the lowest vibrational mode
of that state. Thus, the absorption spectrum can be considered as the probability distribution
for transitions between the lowest energy level in the ground state and different vibrational
levels in the excited state. The emission spectrum, conversely, reflects the probability of
transitions between the lowest energy level in the excited state and different vibrational
levels in the ground state. Two important points emerge from this: first, since emission
always occurs from the lowest energy level in the excited state, the shape of the emission
spectrum is independent of excitation wavelength. Secondly, since the spacing of vibrational
energy levels is the same in both Sp and Sy, the probability of transition from a vibrational
level in Sp to S, is equivalent for the reverse transition occurring. This has the result that the
emission spectrum tends to mirror the absorption spectrum (although there are some

exceptions to this rule).
2.2.3. Fluorescence lifetime

The fluorescence lifetime is defined as the average amount of time a molecule will remain in
an excited state once it has absorbed an incident photon. If we consider a system containing a
single fluorescent species that is excited by a pulse of light, the number of molecules that
remain in the upper energy band will fall exponentially with time. The measured intensity of

the fluorescence emission will hence follow a relationship of the form:

It) = 1, exp [_—t} (Equation 2.2)
T

Like the quantum yield, the fluorescence lifetime is determined by the relative rates of decay

by radiative and non- radiative processes:

T = B (Equation 2.3)

kNR + kR
In practice, many samples will exhibit lifetime decays with multiple components. The
different components might reflect the presence of more than one fluorescent species, or
alternatively, differences in microenvironment of individual fluorophores. In such cases, a
single exponential decay model may produce an erroneous fit to the data. The general
solution is to fit a multiexponential decay model, in which the fluorescence signal is assumed

to be a linear sum of single exponential decays with varying amplitudes (Equation 2.4).
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N
I) = Y aexp [i} (Equation 2.4)
i T

Assuming one can accurately determine the parameters 1; and ¢;, one can obtain a greater
insight into the relative populations of different species and their environments. This has

often been applied to FRET analysis of lifetime data, discussed in more detail in Chapter 3.
2.2.4. Photobleaching and photostability

A fluorophore’s photostability relates to its ability to maintain its brightness when subjected
to prolonged illumination by a light source. In general, any fluorescent species undergoing
illumination will display a decrease in fluorescence intensity over time. This decrease results
from irreversible degradation of the fluorophore into a non-emitting species, a process
known as photobleaching. The photophysical mechanisms underlying this process are still
not fully understood, and are believed to differ depending on the type of illumination used
(pulsed or continuous wave, single photon or multiphoton, etc). One of the most likely
mechanisms, at least in the case of single photon excitation, relates to reactions of the
fluorophore with excited singlet state oxygen species. The latter may themselves be
produced following the (non-radiative) transfer of energy from a fluorophore’s excited (T,)
triplet state to the ground triplet state of oxygen (O,) [2]. Other mechanisms also include the
absorption of photons from an excited singlet (S,) or triplet (T,) state [3].

The rate at which photobleaching occurs is highly dependent on the illumination power. For
most fluorophores, the rate of photobleaching increases linearly with laser power, up until a
certain threshold. At higher excitation powers, the rate becomes non-linear, resulting in
overall fewer photons being collected than would be the case if the laser power were reduced
and a longer acquisition used [4] The compromise between efficient excitation and higher
rates of photobleaching have important implications for high speed imaging, particularly in

regard to live cell microscopy, discussed in Chapter 6.

It should be stressed that a fluorophore’s photostability is not an absolute quantity; rather, it
can only be defined in relation to other fluorophores’ behaviour under the same conditions of
illumination. It is therefore more usual to talk about a fluorophore’s relative photostability.
Although not an intrinsic property of a fluorophore in the same way as lifetime, quantum
yield or emission spectrum, the relative photostability is nonetheless a very important

consideration when choosing between different fluorophores.
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2.3. Types of fluorophore

In theory, the term fluorophore can be applied to any molecule that will undergo radiative
decay from an excited singlet state. In view of this, the number of naturally occurring
fluorophores can be said to be quite vast. Nonetheless, in the large majority of these species,
the energy gap between ground and excited state levels is large, limiting excitation and

detection to the deep UV. Such species therefore have limited use in microscopy.

In certain molecules, sharing of electrons between individual atoms can result in a lowering
of energy levels between ground and excited states, with the result that electron transitions
occur within the visible region of the spectrum. (This follows directly from the particle in a
box model in quantum mechanics, which predicts that the energy level spacing is inversely
related to the size of the confined region). An example of this can be found in organic
molecules containing systems of conjugated carbon bonds, where overlap between pi-
orbitals of individual carbon atoms allows the electrons to become delocalised throughout.

Most of the fluorophores we shall discuss will be based on this principle.
2.3.1. Fluorescent dyes

The origins of this class of fluorophore date back to the turn of the 19™ century and the birth
of histology. It was around this time that xanthene, the forerunner of many of today’s most
widely used histological dyes, was first synthesised. This compound, in common with those
that have come after it is based upon a heterocyclic carbon ring system, composed of
multiple conjugated double carbon bonds. The chemical structures for three of the most

commonly used dyes in fluorescence microscopy are shown in Figure 2.2.

Targeting of organic dyes to specific proteins within the cell became possible in 1942 with
the advent of immunofluorescence labelling. This method, first developed by Coons [5],
enables a dye molecule to be conjugated to a specific antibody. Following permeabilisation
of the membrane with a suitable detergent, the dye labelled antibody can be introduced into a
cell where it will bind to its target protein, thus the fluorescence from the dye can be used to

localise and contrast different proteins.

A number of dyes have also been developed to report on the local cellular environment,

through changes in their intensity or emission spectra. Examples of these include the
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membrane probe laurdan, used to report on lipid order in membranes [6], and calcium

sensitive dyes Fura-2 and Indo-1 [7].
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Figure 2.2: Chemical structure of chemical dyes commonly used in fluorescence microscopy. Systems
of conjugated carbon bonds are evident throughout.

2.3.2. Green fluorescent protein (GFP)

The introduction of genetically expressible fluorophores, originating with green fluorescent
protein (GFP) [8], has marked something of a revolution in fluorescence microscopy. These
fluorophores have the immense advantage that they can be directly appended to other
proteins’ gene sequences. Once transfected into cells, the GFP moiety is transcribed along
with the target protein, serving to highlight its localisation when fluorescence is imaged in
the microscope. GFPs therefore provide unrivalled specificity for labelling different proteins.
It is also possible to set up stable cell lines expressing a fluorescently labelled protein of

interest.

The gene encoding GFP was first isolated and sequenced by Prasher [9] from the marine
jellyfish species Aequorea Victoria. This was in turn used by Chalfie to purify the protein in
bacteria [10]. In 1996, the molecular structure of GFP was published independently by two
groups in Science and Nature Biotechnology respectively (Figure 2.3) [11, 12].
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Figure 2.3: Left: Aequorea Victoria jellyfish: Right: Ribbon model of GFP structure. The protein has
a barrel-like structure composed of 11 Beta sheets, through the centre of which runs an alpha-helix.
The chromophore region of the molecule is contained inside the Beta-barrel, as shown here in orange.

Like the synthetic dyes above, GFP obtains its fluorescent properties from a system of
delocalised charge, formed through sharing of electrons between amino acid residues within
the tertiary structure of the protein. In the original GFP, a three residue system is involved,
consisting of the three residues Serine 65, Tyrosine 66 and Glycine 67 [13]. Maturation of
the chromophore occurs following nucleophilic attack on the carboxyl atom of serine 65 by
the amide nitrogen in glycine 67, resulting in the formation of the imidazole ring shown in
Figure 2.4. A further oxidation step is required to extend the region of electron delocalisation

from the imidazole ring to the phenyl group of tyrosine 66, thus creating the fluorophore’s

absorption dipole.
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Figure 2.4: Chromophore maturation within GFP. For clarity, the alkyl groups of serine 65 and
tyrosine 66 are shaded in grey and pink respectively (the third alkyl group, in glycine 67 constitutes a
single hydrogen atom, hence is not shown). The yellow shaded areas show the two atoms involved in
nucleophilic attack which leads to the formation of the imidazole ring shown on the right.
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Since GFP was first cloned and expressed in mammalian cells, research has focussed on
improving its fluorescence properties. In this respect, the work of R. Tsien and colleagues
has been of particular significance. In addition to identifying the crystal sequence, this group
was amongst the first to engineer new variants of GFP by mutation of specific amino acids
within the chromophore region of the molecule [14, 15]. In 1995, the group published
findings that substitution of the serine residue at position 65 of the primary amino acid
sequence with Threonine resulted in a mutant with enhanced quantum yield and an
absorption peak at 490 nm. A subsequent mutation of phenylalanine at position 64 to lysine
resulted in a variant with better folding efficiency, which has come to be known as enhanced
GFP (EGFP) [16]. Somewhat fortuitously, this protein’s absorption peak coincided almost
precisely with the 488 nm line of an Argon gas laser, whilst its emission, peaking at 507 nm
coincided well with existing filter sets for fluorescein, thereby greatly facilitating its uptake
as a probe in microscopy. In addition, the group were able to develop different spectral

variants, most notably the cyan and yellow varieties ECFP and EYFP [17-19].

The isolation of a second, red emitting fluorescent protein from Anthozoa sea coral in 1999
marked a further milestone by expanding the range of available colours to longer
wavelengths [20]. Mutagenesis performed on both this and GFP have since given rise to a
large family of different colour fluorescent proteins [21, 22]. In addition to spectral diversity,
it has also been possible to engineer mutants with enhanced fluorescent properties, including
greater brightness [23, 24], photostability [25, 26] and pH resistance [27]. Elsewhere,
proteins have been developed with specific features such as larger Stokes shifts [28] or
different fluorescent lifetimes [29]. Other variants have also been reported that display
interesting effects of photochromism [30] and photoactivation [31, 32], the latter having

interesting applications in super-resolution microscopy [33, 34].

2.3.3. Quantum dots

Quantum dots are a relatively new addition to the spectrum of fluorophores available for
biology. Formed from small nanocrystals of semiconductor materials, they are able to emit
fluorescence through the recombination of electron-hole pairs created following absorption
of incident light [35]. One particularly interesting feature of these fluorophores is the
relationship between size and emission wavelength — one can tune the emission spectrum
simply by changing the radius of the sphere. Quantum dots also have the advantage that they
possess broad absorption spectra but narrow emission spectra, making it is possible to image

multiple different colours when exciting the sample at a single wavelength.
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Although quantum dots offer several attractive features, their uptake in fluorescence imaging
has been held back by difficulties encountered when trying to target these fluorophores to
specific sites or species within the cell. The approach most often used is to coat the outside
of the sphere with a polymeric film and conjugate this to a series of biomolecules which will
preferentially bind to the species of interest [36]. This can, however, result in a large and
somewhat cumbersome molecule that may still only bind with limited specificity. Other
concerns arise over the possibly toxic effects of cadmium compounds being released inside
cells, although recent developments have seen the use of other, non-toxic materials being

employed.

2.3.4. Endogenous fluorophores (autofluorescence)

The final class of fluorophores we shall discuss pertains to those naturally expressed within
the system under study. The signal emitted from these species is known collectively as
autofluorescence. Amongst the different sources of autofluorescence are the aromatic ring
structures found in the amino acids tryptophan, phenylalanine and tyrosine, as well as larger
proteins such as keratins and porphyrins, and the molecules nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FAD). Generally, these
fluorophores do not contain the extensive regions of delocalisation found in dyes or visible
fluorescent proteins and are only accessible by excitation in the UV and blue regions of the

spectrum.

Imaging of autofluorescence signals is a highly active area of research, particularly in
understanding cell metabolism [37, 38]. Nonetheless, for many experiments, auto-
fluorescence may simply constitute a large (unwanted) background signal to the fluorescent
species under study. This is true for example when imaging other, exogenous species, such

as dyes or GFPs, particularly if short (<430 nm) excitation wavelengths are used.
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2.4. Fluorescence Microscopy

It is clear that fluorescence can provide highly specific information on molecules and their
surrounding environment. By implementing fluorescence measurements in a microscope,
one can also observe the fluorophore’s localisation. The combination of spatial and
spectroscopic information afforded in such an approach is of particular value for biology,
where one wishes to understand protein and molecular function within the structure of an in-

tact cell or organism. Here, we look at some of the underlying principles of this technique.

2.5. Wide-field fluorescence microscopy

CCD
| I
Tubelens —
Emission
filter — 1
Excitation
filter
Dichroic
beamsplitter @
_______________ Objective Mercury
back focal lamp
plane
Objective ~———
1
Sample

Figure 2.5: Wide-field fluorescence microscope. The sample is illuminated by an incoherent light
source and the ensuing fluorescence imaged on to a wide-field detector. Use of a suitable dichroic
and emission filter allows one to separate the excitation light from fluorescence with high signal to
noise.

The simplest configuration of fluorescence microscope - the standard wide-field or epi-
fluorescence microscope - is shown in Figure 2.5. An incoherent light source, traditionally a
mercury or xenon arc-lamp is used to illuminate the sample (more modern microscopes may

also use LEDs or laser illumination, with the spatial coherence of the laser beam destroyed
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by passing the beam through a rotating diffuser wheel or a multimode fibre that is
continuously agitated). A filter is used to select the wavelength band for excitation of the
specific fluorophore. The filtered light is reflected by a dichroic mirror and focussed into the
back aperture of the microscope (the method of K&hler illumination), thus ensuring uniform
illumination in the sample plane. The ensuing fluorescence is imaged back through the
objective where, owing to the longer wavelength from the Stokes shift, it is transmitted
through the dichroic mirror. This is then imaged by the tube lens onto a wide-field detector
such as a CCD camera. An additional emission filter is placed in the fluorescence path after

the dichroic mirror to reject any scattered light and increase the signal to noise.
2.6. Optically sectioned fluorescence microscopy

In a conventional wide-field microscope, light detected on the camera emanates from all
planes irradiated by the excitation source. The presence of light from outside of focus can
produce glare in the image, which degrades the image quality and reduces spatial resolution.
Optical sectioning confers the ability to discriminate against this background light and to
acquire depth-resolved images of individual planes throughout the sample. This is of prime
concern for quantitative imaging if one is to avoid spurious data from out of focus glare.
Using an optically sectioning instrument, one is much better able to delineate different
subcellular compartments within cells and so localise signaling events to these regions with
greater accuracy. A further advantage is the ability to obtain stacks of images from different

sample planes and so render 3 dimensional images of cells and tissue.
2.6.1. Confocal microscopy

The confocal microscope, originally described by Minsky [39] is the most common form of
optically sectioning microscope. The principle of this microscope is shown in Figure 2.6.
Here, a point source, most commonly a laser, is used to illuminate the sample. The beam is
expanded to fill the back aperture of the objective, so that a diffraction limited spot is formed
at the sample plane. Light from fluorophores excited in the focal volume is imaged back
through the objective and onto a point detector, in front of which is placed a pinhole or
aperture. The pinhole prevents light from planes outside of focus from reaching the detector,

so that only fluorescence from the focal plane is collected.
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Figure 2.6: Principle of the confocal microscope: The sample is illuminated by a point source and
fluorescence imaged onto a point detector (blue rays). An aperture placed in front of the detector
excludes light from planes outside of focus reaching the detector (red rays). By scanning the beam
across the sample one can build up an image of a single plane.

Since this is a point illumination / detection method, it is necessary to scan the sample in
order to build up an image. Older microscopes achieved this by stage scanning, whilst more
modern microscopes employ galvonometric mirrors that are used to scan the laser beam [40].
The intensities measured at each point are registered as current signals on the detector and
compiled together with their scan coordinates to form an image. By shifting the focus of the
objective, one can acquire an image of a different plane in the sample. Where multiple planes

are imaged, the resultant stack can be rendered into a single 3D image [41].

2.6.2. Multiphoton microscopy

Multiphoton microscopy is an alternative means for achieving optically sectioned
fluorescence images. This technique is based on simultaneous absorption of two photons,
each one with energy half of that of the transition gap between ground and excited states in

the fluorophore [42] (Figure 2.7).

The efficiency of multiphoton absorption scales non-linearly with the photon flux incident
on the fluorophore. Thus, where one focuses light through an objective, the rate of two-
photon absorption at focus will be significantly higher than elsewhere throughout the focal
volume. Efficient excitation will therefore only occur in this plane, with the result that any

detected fluorescence must emanate from this one plane alone and is intrinsically sectioned.

31



Excited

Excited yy y
state \ Thermal relaxation state \ Thermal relaxation
Absorption of Absorption of
single photon, at Fluorescence at two photons, at A Fluorescence at
short wavelength longer wavelength long wavelength shorter wavelength
Ground Ground
state state

Single photon excitation Multiphoton excitation

Figure 2.7: Jablonski diagrams for single photon and two-photon excitation. In the latter, two photons
combine in a single absorption event, provided the incident photon flux is high enough.

For efficient multiphoton excitation one requires a light source capable of producing the
desired flux at the sample, but with average power levels appropriate for biological samples.
This is usually achieved by taking advantage of the high peak powers produced by an
ultrafast (femtosecond) pulsed laser, and combining this with a high NA objective. As with
the confocal microscope, the single point excitation again requires that the beam is scanned

across the sample to build up an image.

2.6.3. Other optical sectioning techniques

Due to the need for scanning, confocal and multiphoton microscopes generally require
longer acquisition times than wide-field microscopes. This can be an issue in samples with
high motility, where motion artefacts can occur if the sample moves during the course of
individual frame acquisitions. To offset this problem, several imaging methods have been
developed which maintain the benefits of optical sectioning without sacrificing imaging
speed. The first of these, Nipkow disc or spinning disc microscopy involves exciting the
sample at multiple spots in parallel. This is achieved by first expanding the excitation source
and passing it through a disc containing an array of pinholes, to form multiple beams which
probe different points on the sample [43, 44]. The fluorescence from each point is imaged
back through the same pinhole. One can conceive of this as a series of confocal microscopes
acting in parallel. As the disc rotates, the beams’ positions change, so that during the course

of a single rotation the entire area of the sample is swept out.

High speed optically sectioned microscopy can also be achieved in line scanning

microscopes, in which a line of illumination is used to scan the sample, rather than a single
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spot, and the fluorescence imaged back through a slit to a detector [45]. This parallel pixel
acquisition allows one to scan the sample at much higher frame rates, although the axial

resolution is slightly compromised owing to the extended size of the slit.

A similar concept to the Nipkow disc has also been applied to multiphoton excitation. Here,
the excitation beam is again split into multiple beams that can scan the sample area within a
much smaller space of time. The fluorescence can be imaged either onto a wide-field
detector [46], or as has recently been demonstrated, onto an array of PMTs [47]. The need
for a sufficiently high intensity at each focus for efficient multiphoton excitation limits the
number of separate beams to below that available in the Nipkow disc microscope. This
method does, however, offer the advantage of non-descanned detection in which the

fluorescence can be imaged directly onto the detector without the need for any pinholes.

In addition to these scanning techniques, several other methods have been developed which
enable the possibility of optical sectioning in a wide-field set up. These methods generally
rely on image reconstruction following collection of a sequence of wide-field images. In
structured illumination microscopy, the sample is illuminated through a grid to provide a
spatial modulation of the image. Translating the grid enables the user to collect a series of
images with a phase shift in the modulation, the higher frequency components of which are
resolvable only within the focal plane. The use of a suitable computer algorithm then allows
one to recover the signal from the plane containing this modulation, and so reject the light
from outside of focus [48, 49]. Deconvolution, an alternative wide-field method, involves the
acquisition of an entire image stack, which is then post processed and deconvolved with a
pre-measured 3D point spread function to return a series of depth resolved images through

the sample [50].

2.7. Fluorescence imaging techniques

2.7.1. Intensity imaging

The simplest and most commonly used technique in fluorescence microscopy is intensity
imaging, in which the absolute number of photons emitted from each point on the sample is
recorded on the detector in order to build up a map of fluorophore concentration. More
sophisticated techniques, including single molecule imaging, rely on the sensitivity of

fluorescence intensity measurements to report on the localisation of individual molecules,
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which when imaged at high frame rates can be used to observe the diffusion rates and

trajectories of these molecules throughout the cell [51, 52].

2.7.2. Spectral imaging and ratiometric imaging

In spectral imaging, the fluorescence is separated into different emission wavelength bands,
either by a dispersive mechanism such as a prism, or use of multiple emission filters. By
measuring the intensity of light in different channels, it is possible to study the colocalisation
of different fluorescent species whose emission spectra are distinct from one another (Figure
2.8). This technique has become increasingly popular in biology due to the ever-increasing
number of different colour fluorescent probes and new methods for labelling them to specific

proteins or organelles [53].

Intensity

Channel 1 Channel 2

Wavelength

Figure 2.8: Spectral imaging. By measuring the intensity of fluorescence emission in different spectral
channels, one can discriminate the signal from fluorophores with different emission spectra.

An extension of spectral imaging is ratiometric imaging, in which the signal detected in
different emission channels is ratioed to provide quantitative measurements of a fluorescent
probe’s activity. This is particularly useful when studying probes that display environmental
contrast i.e. changes in emission spectra due to the surrounding environment (examples
might be ion concentration [54], membrane voltage potential [55], or membrane lipid order
[56]). Spectral imaging can also be used to ‘unmix’ fluorescence signals emanating from
different species with similar or overlapping emission spectra [57, 58]. This can be further
extended to hyperspectral imaging in which the entire emission spectrum is recorded for
every pixel in the image, with accompanying increase in sensitivity to spectral changes [59,

60].
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2.7.3. Fluorescence anisotropy / polarisation resolved imaging

The polarisation of fluorescence emission provides a further parameter for imaging a
fluorophore’s environment [1]. When polarised light is used to illuminate a sample, only
those molecules whose absorption dipoles have a component aligned with the incident field
will be excited to a higher energy state. During the excited state lifetime, the emission dipole
may shift to a different orientation, either through the molecule’s natural rotation, or its
interaction with other molecules in the environment. The intensity of fluorescence resolved

parallel (I})) and perpendicular (I)) to the excitation polarisation can be used to define the

anisotropy parameter r:

I, -1
1 .
r = L (Equation 2.5)
h+20
The anisotropy parameter can provide information on dipole orientation and the rotational
dynamics of the molecule [61]. In addition, anisotropy measurements can report on other
effects such as FRET [62], which act to depolarise the emission through subsequent

interaction with other molecule dipoles during the course of the excited state lifetime.
2.7.4. Fluorescence lifetime imaging

As mentioned in section 2.2.3, measurements of a fluorophore’s mean excited state lifetime
can reveal a significant amount of information, not only on the type of fluorophore under
consideration but also its interactions with its environment. This might include quenching
mechanisms, changes in solvent polarity or ion concentration. A key area of interest in the
technique is its application to FRET experiments, for which lifetime measurements can often

provide a more robust solution than other, spectrally resolved techniques.

2.8. Instrumentation for fluorescence lifetime imaging

Measurements of fluorescence lifetime can be separated into two categories: time domain
and frequency domain. In the time domain, the sample is excited by a short laser pulse, and
the intensity of the fluorescence sampled at intervals thereafter in order to recover the
fluorescence decay profile. In the frequency domain, the sample is excited by an intensity
modulated light source, resulting in a fluorescence emission which is similarly modulated.

The lifetime is then computed from the relative phase shift or change in modulation depth
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between these two waveforms. The main methods for measuring fluorescence lifetimes, and

their implementation in microscopy are discussed in more detail below.

2.8.1. Time correlated single photon counting

In the past decade, time correlated single photon counting (TCSPC) has become the pre-
eminent technique for fluorescence lifetime imaging [63]. This is a time domain method that
measures the arrival times of individual fluorescence photons following pulsed excitation of
the sample. The arrival times are then stored in memory and used to build up a histogram
that reflects the fluorescence decay. As a point detection technique, TCSPC is readily

implemented in point scanning microscopes such as confocal and multiphoton systems.

The principle of time correlated single photon counting can be understood with reference to
Figure 2.9 below. The sample is first excited by a pulse from a mode-locked laser. The
excitation pulse is also registered on a photodetector located inside the laser cavity or in the
light path before the microscope. The signal from the photodetector is used to trigger the
time to amplitude converter (TAC) - an electronic component that functions as a delay timer.
In response to the trigger signal, the TAC begins charging a capacitor, building a voltage
ramp that increases linearly with time. This continues until a fluorescence photon is detected
by the photomultiplier tube in the microscope’s emission channel. At this point, a second
signal is sent to the TAC, causing it to stop and discharge an electronic pulse whose
amplitude is proportional to the time between the excitation pulse and the fluorescence
emission. The voltage is sampled by an analogue-to-digital-converter (ADC), which converts
it into a time delay and then stores this in a memory file. The process is repeated over the
course of many hundreds of photons, during which time a histogram of arrival times is built

up. The histogram can then be used to determine the fluorescence lifetime.

As a technique, time correlated single photon counting offers a number of important
advantages. These include the high spatial resolution afforded by the confocal microscope,
the signal / noise benefits of single photon detection which allows the noise to be accurately
modelled when fitting the decays and a high photon economy, since all the photons detected
contribute to the measurement. The main drawback to this approach is its speed. This can be
understood when one considers that in order to maintain accuracy, it is important that no
more than one fluorescence photon be detected for each laser excitation pulse. Following the
detection of a photon, there is a characteristic dead time in which the TAC discharges and

resets itself to zero. Any additional photons arriving during this time are not recorded and so
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do not contribute to the lifetime histogram. Thus, in the event that multiple photons are
emitted during each period, only the first one to arrive will be detected, while the
information encoded in the later arrival of the additional photons will be lost. This has the
effect of biasing the measured lifetimes to shorter values, an effect known as “pulse pile up.”
To ensure this does not happen, the maximum count rate must be kept below a fraction of the

laser repetition rate.
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Figure 2.9: Instrumental components for time correlated single photon counting (TCSPC) FLIM. The
arrival times of individual photons are measured with respect to the excitation pulse and the resultant
histogram used to extract the fluorescence decay and lifetime.

In order to extract the lifetime for each pixel in the image, the number of photons in each

temporal window can be fit to an exponential decay model, as described in section 2.2.3.
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This is typically done by using a non-linear least squares analysis, in which one varies the
lifetime and intensity parameters in order to minimise the goodness of fit parameter y*

(Equation 2.6):

N _ 2
© = —(y,- /6:) (Equation 2.6)

2
i=1 Oyi

Here, i defines the temporal window under consideration, y; is the number of photons
detected in that window, o,; is the standard deviation on the measured number of photons
(for single photon counting the square root of the photon number) and f{x) is the form of the

function used to model the decay.

2.8.2. Wide-field time domain fluorescence lifetime imaging
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Figure 2.10: Time-gated detection of fluorescence decays. By varying the delay between the excitation
pulse signal and the gate on the intensifier, one is able to collect intensity images at different times
during the fluorescence decay. This series of images can then be used to compute the lifetime for each
pixel in the image series.

Fluorescence lifetime imaging can also be implemented in wide-field microscopy. In the
time domain, the lifetime in each pixel is resolved by collecting images of the fluorescence
intensity at different points during the fluorescence decay. This is usually achieved by

placing an image intensifier in front of the camera to act as a form of shutter [64 - 66].

The period in which the intensifier gain is on defines a gate — a period in which fluorescence

photons arriving at the intensifier are amplified and the ensuing signal exposed on the
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camera. Photons which arrive outside of this period are not amplified and are effectively
shuttered. By introducing a delay between the trigger signal and the intensifier, it is possible
to shift the position of the gate in time, allowing one to collect a series of intensity images
from different points in the fluorescence decay (Figure 2.10). The lifetimes can then be
calculated by fitting each pixel in the image series to an exponential decay, using the same

least squares analysis described above in section 2.8.1.
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Figure 2.11: Gated optical intensifier (GOI). This figure shows the 3 main
components - the photocathode, microchannel plate (MCP) and phosphor screen.

Figure 2.11 shows the main components of the image intensifier. On arrival at the
photocathode, photons emitted from the sample undergo photoconversion to electrons. In
response to the synchronisation pulse from the laser, a negative voltage is applied to the
photocathode causing electrons to accelerate to the front of the MCP. The microchannel
plate itself comprises an array of small (~10 pm) diameter glass tubes, the inner surfaces of
which are coated in an electron emission film. A potential difference is applied across the
MCP which in turn accelerates the electrons through the microchannels towards the
phosphor screen. During this time the electronic signal is amplified by collisional excitation
of secondary electrons from the walls of each channel. This amplified electron signal is
converted back to an optical signal following collisions of the electrons with the phosphor

screen. The ensuing phosphorescence can then be imaged by relay lens onto the camera.

Gating is produced by controlling the voltage applied to the photocathode. Only when this

voltage is applied will electrons be accelerated to the MCP and so result in emission of
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phosphorescence, which will then be imaged onto the CCD. The potential difference across
the MCP is usually adjusted at the start of the FLIM acquisition so that the signal in the first
time gate fills the dynamic range of the CCD over the course of the camera’s integration

time. This then remains constant throughout the rest of the measurement.

2.8.3. Wide-field frequency domain fluorescence lifetime imaging

Phase
shift Ap 7Y

Intensity
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Figure 2.12: Principle of frequency domain lifetime analysis. An intensity modulated light source is
used to excite the sample, and the lifetime calculated by measuring the phase shift or change in
modulation depth of the fluorescence intensity.

A similar set up to that described in 2.8.2 can be used in the frequency domain. In this case
the laser source is not pulsed but modulated sinusoidally (typically modulation frequencies
are in the MHz range). This results in a fluorescence signal which is modulated at the same
frequency, but with a relative phase shift owing to the delay between excitation and
fluorescence emission (Figure 2.12). The phase shift is recovered by modulating the
intensifier gain at the source frequency, and varying the phase separation between the two. A
series of images is collected at different phase separations, and the relative intensity in each
image used to reconstruct the fluorescence waveform. Both the phase shift and change in
modulation depth can be used to calculate the lifetimes, in accordance with Equation 2.7 [67,

68].

tan (4 / —m?
T = M T, = A=m m = B.a (Equation 2.7)
v 1) m?w? A.b

where 1, and 1, are the lifetimes recovered from measurement of the phase shift and change

in modulation depth, respectively and w is the frequency of the source modulation.
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2.9. Conclusion

This chapter has introduced the core concepts of fluorescence and its application in
microscopy. As a technique, fluorescence microscopy offers many advantages including the
ability to label and detect specific molecular species and to report on differences in the local
fluorophore environment. From a biological standpoint, the development of new
fluorophores, together with high resolution imaging techniques (confocal, multiphoton) have

made fluorescence a particularly powerful means for reporting on cell events and function.
In what follows, we discuss some of the more advanced uses of this technique, in particular,

its application to Forster Resonance Energy Transfer, and how this can be used to

disseminate interactions between proteins at the molecular scale.
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Chapter 3: Forster Resonance Energy Transfer (FRET)

3.0. Chapter overview

This chapter introduces Forster Resonance Energy Transfer as a means for probing protein
interactions and conformational changes in cells. The conditions under which FRET will
occur are discussed, as are the different methods for its detection. Examples are given of
different fluorescent labelling strategies for FRET measurements. Finally, results are shown

from experiments comparing the FRET efficiencies of different pairs of fluorescent proteins.
3.1. Forster Resonance Energy Transfer (FRET)

Forster Resonance Energy Transfer (FRET) describes the non-radiative transfer of energy
from the excited state of a fluorophore to a second, spatially colocalised chromophore. These
two species are referred to as the donor and acceptor, respectively. Energy transfer occurs
through long range coupling of the donor’s emission dipole with the absorption dipole of the

acceptor. For FRET to take place, the following conditions must be satisfied [69]:

e The donor emission spectrum must overlap the acceptor absorption spectrum.
e The transition dipoles of the donor and acceptor must be orientated favourably with
one another (energy transfer will not occur if they are orthogonal to one another).

e The two species must lie within close enough proximity of one another.

In what follows, we provide an outline of the theory behind this form of energy transfer, and

its application to microscopy.
3.1.1. Theory of non-radiative energy transfer

The original theory of non-resonant energy transfer dates back to 1927, in the work of Jean
Baptiste Perrin [70]. Perrin was hoping to explain the curious observation that the
fluorescence emission from fluorophores in solution became highly depolarised with respect
to the excitation, once the concentration of fluorophores exceeded a certain value. This effect
was seen to occur when the mean separation between molecules fell below 10 nm. Since this
distance was larger than both the molecular diameter and the distance a molecule might

diffuse during its excited state lifetime, the depolarised light signal could not be explained by
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collisions between molecules. Rotational effects too could be ruled out, as the same
observation was made in highly viscous solutions in which the molecules would have limited

rotational mobility. Therefore, some alternative mechanism must be responsible.

Perrin reasoned that the excited molecules (whose dipole transition moments were aligned
parallel with the excitation source polarisation) might be transferring their excited state
energy to other molecules whose transition dipoles had a greater perpendicular component
relative to the incident field. The observed fluorescence would then emanate from these
secondary excited molecules, hence the depolarised emission. Perrin went on to conjecture
that this transfer of energy could occur through the long range coupling of the molecules’
electron dipole moments - a simple analogy would be the mechanical exchange of energy

between two coupled pendulums.

Although Perrin’s theory could explain the origin of the fluorescence depolarisation, it
predicted the effect would occur at much lower concentrations than that seen experimentally,
with energy transfer occurring across distances of several hundred nanometers. In 1948,
Theodore Forster published a refined theory that could be used to make more accurate
predictions [71]. The key result of Forster’s work was an expression for the rate of non-

radiative energy transfer kpzgr:

1R, .
kpper = — | — (Equation 3.0)

| R

where 7p is the fluorescence lifetime of the donor in the absence of FRET, R is the donor-
acceptor separation and Ry is the distance at which the efficiency of energy transfer is 50%

(the distance at which half the donor excited state energy is transferred to the acceptor):
RO’ = cor’In™y (Equation 3.1)

Here, co is a constant, which takes into account the respective size of the donor and acceptor
dipole moments and x° is an orientation factor, which describes the relative alignment
between the two. The constant # is the donor quantum yield and # is the refractive index of
the medium. J is a parameter that defines the extent of overlap between the donor emission

spectrum and the acceptor absorption spectrum:

J = 107 j G 60y 2 d (Equation 3.2)
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where ¢q,; and ¢,; are the normalised donor emission and acceptor absorption spectra,

respectively. This can be seen understood with reference to Figure 3.0 below.

Donor emission
spectrum

Intensity

Acceptor
absorption
spectrum

Wavelength A

Figure 3.0: The overlap integral J(}) in Férster’s equation defines the extent of overlap between the
donor emission spectrum and the acceptor absorption spectrum.

Using the equation for the rate of energy transfer, Forster was able to write down an

expression for the FRET efficiency E, defined as:

Number of quanta transferred from donor to acceptor .
(Equation 3.3)

E (%) =
9 Number of quanta absorbed by donor

This can be related to the rates of decay from the excited states by the different processes:

kFRE T

E= ———— (Equation 3.4)

kFRET + kR + kNR
Note that here, kyz relates to non-radiative processes other than resonant energy transfer.
Recalling Equation 2.3, which relates the donor fluorescence lifetime to the rates of decay by

radiative and non-radiative processes kz and kyz, we can express the efficiency thus:

1 | R,
k o ( R RS
E = RET = p = ° (Equation 3.5)
Keger + 1 1 | R, ] RS+ RS
T — |+ —
o R p

Figure 3.1 below shows how the efficiency varies with the donor — acceptor separation for an

arbitrary value of Ro:
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Figure 3.1: FRET efficiency as a function of donor-acceptor separation R for an arbitrary value of Ro

One can see from Figure 3.1 above that there is a sharp drop in FRET efficiency as R
approaches and exceeds Rp. This distance dependence is key to understanding the utility of
FRET for mapping molecular interactions in cells. By labelling two proteins with a
compatible donor and acceptor pair, and detecting FRET between them, one can deduce their
proximity to within a few nanometers. FRET therefore allows one to study the spatial
colocalisation of species on a scale far smaller than that which can be resolved by the

microscope alone.
3.2. Use of FRET in biology

The information afforded by FRET measurements is particularly valuable to biology since it
is one of the only methods by which molecular interactions can be verified in the context of a
live cell. This is generally applied in one of two ways: intermolecular FRET or

intramolecular FRET.

3.2.1. Intramolecular FRET: Imaging conformational changes

In intramolecular FRET experiments the donor and acceptor species are located on the same
molecule. The molecule itself may be a large protein, in which case changes in tertiary

structure associated with protein phosphorylation / dephosphorylation may shift the relative

orientation and / or distance separation of the donor and acceptor, causing a rise or fall in
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FRET efficiency. Thus, one can correlate changes in FRET efficiency with these

conformational changes. This principle is shown in Figure 3.2.
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Figure 3.2: Intramolecular FRET. Labelling a protein or molecule with both donor and acceptor
allows one to image protein activation or ligand binding by reading out FRET between the two
fluorophores.

In order to optimise the dynamic range in the FRET signal between different conformational
states, it can be useful to place the probes at strategic points in the molecule, where the
relative separation is likely to increase to the greatest extent during a conformational change.
This has to be balanced against the need to avoid disrupting the protein’s innate folding
mechanism, which could be highly sensitive to insertions, especially where enzyme function
is concerned. For this reason, it is usually the case that the donor and acceptor are placed at
opposite ends of the protein. Although this may limit the dynamic range, it is usually the best

approach to preserve the protein’s function.

Aside from measuring changes in conformation, intramolecular FRET has also been used to
monitor a variety of cellular processes through use of specifically designed FRET probes.
Such probes, or biosensors, are formed from two or more sub-domains of larger proteins that
are known to bind to one another with high affinity. The most prolific of these are the
calcium sensors, developed from a calmodulin calcium binding domain and the myosin light
chain kinase, which are linked to the fluorophores CFP and YFP [72]. On binding to
calcium, the calmodulin domain will bind to myosin kinase, bringing the CFP and YFP
probes within shorter distance of one another, and producing a high degree of sensitised
emission. Such calcium probes have been through several generations of evolution, the most

recent of which (YCAM 3.6) is now commercially available from Invitrogen. The number of
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probes based on this principle continues to expand, being used to report on, amongst other
things, small GTP-ase activity, membrane voltage, and the cleavage of various membrane

phospholipids [73-77].
3.2.2. Intermolecular FRET: Imaging protein-protein interactions
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Figure 3.3: Intermolecular FRET. Labelling of separate species with donor and acceptor allows one
to image their interactions by reading out the FRET signal between the two fluorophores.

Intermolecular FRET refers to measurements where the donor and acceptor are used to label
different molecules. Examples of where this approach might be used include monitoring

protein-protein interactions [78-80], or binding of an enzyme to a substrate [81] (Figure 3.3).

3.3. Imaging FRET in the microscope

3.3.1. Intensity based measurements

Changes in donor fluorescence intensity provide the simplest measure of FRET. The transfer
of excited state energy from the donor to the acceptor results in a fall in overall donor
emission, which can be quantified. This is usually achieved by comparing images of cells
expressing the donor and acceptor prior to and after photobleaching of the acceptor [82]. The

FRET efficiency at any pixel can then be calculated thus:

(Equation 3.6 )
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where Fpy and F are the donor fluorescence prior to and after photobleaching the acceptor.
Since this method requires an extended period of illumination in order to bleach the acceptor,

it is usually confined to fixed cells.

3.3.2. Spectral ratiometric measurements
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Figure 3.4: Spectral ratiometric FRET analysis: FRET can be detected by a relative increase in
fluorescence at longer wavelengths (red spectrum), due to sensitised emission from the acceptor.

Spectral ratiometric imaging is an alternative method for imaging FRET. In addition to
quenching of the donor’s fluorescence emission, FRET will also result in an increased
fluorescence signal at longer wavelengths, following the radiative (sensitised) emission of
acceptors excited during the energy transfer process (Figure 3.4). By measuring the acceptor
and donor emission intensities in two spectrally resolved wavelength channels and ratioing

them, one can detect changes in the emission signature if and when FRET occurs.

Although more robust than measurements of donor fluorescence intensity alone, ratiometric
imaging can be complicated by various sources of cross-talk or spectral ‘bleed-through’.
These include the detection of donor fluorescence in the second (acceptor) wavelength
channel and acceptor fluorescence emanating from direct excitation at the donor wavelength.
If the spectral overlap between donor emission and acceptor emission is particularly large,
acceptor fluorescence may also be detected in the donor channel. Together, these constitute a
noise background above which it may be difficult to distinguish genuine changes in emission
ratio arising from FRET. Several algorithms have been proposed for quantifying the extent
of cross-talk in any given experiment, and then subtracting this from the final FRET signal
[83-86]. This can make the analysis somewhat more involved, and necessitates performing

calibration experiments with samples of donor or acceptor alone beforehand.
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A further caveat to this approach is that it is mainly restricted to studies of intramolecular
FRET, in which the local stoichiometries of donor and acceptor are certain to be equal. In the
case of intermolecular FRET, where the local concentration of donors and acceptors will
vary on a pixel-pixel basis, it can be very hard to distinguish changes in emission ratio due to

FRET, from simple diffusion of donors and acceptors into or out of the focal volume.

3.3.3. Fluorescence lifetime measurements

Excitation pulse

Fluorescence decay
(unquenched)

Donor Intensity

FRET

Time

Figure 3.5: Fluorescence lifetime decays in the presence (red) and absence (green) of FRET. If FRET
occurs, the donor fluorescence is quenched and the molecule on average spends less time in the
excited state. This means that proportionally more photons are emitted at earlier time points.

In fluorescence lifetime imaging (FLIM-FRET), energy transfer can be detected through an

apparent shortening of the donor’s fluorescence lifetime. Non-radiative energy transfer

provides an additional path of relaxation back to the donor’s ground state, hence the donor

will, on average, spend less time in an excited state if and when FRET occurs (Figure 3.5).

The change in fluorescence lifetime resulting from FRET can be obtained from Equation 3.7:
1 1

P —— = — Equation 3.7
” kg + kg oA kerpr + kg yg (Fau )

where 7, is the fluorescence lifetime of the donor in the absence of the acceptor (c.f.
Equation 2.3) and 7p, is the lifetime in the presence of FRET. One can see from this that the
additional rate constant krzzr in the denominator will be reflected in a smaller value of 7py

compared to 7p,

From Equation 3.4, it follows that the FRET efficiency can be written:

T
E=1--—*2> (Equation 3.8)
™D
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Fluorescence lifetime imaging is arguably the most robust method for imaging FRET. Unlike
intensity based approaches such as those discussed above, the fluorescence lifetime is largely
independent of concentration. Lifetime measurements are therefore not complicated by
issues of different donor and acceptor stoichiometries [87]. Thus, FLIM-FRET can be
applied to both intra- and intermolecular FRET studies. Since only the donor fluorescence is
measured, artefacts arising from donor bleed-through or direct acceptor excitation are no
longer an issue (although the latter may still diminish the actual FRET signal by pre-

populating the excited state of the acceptors).

This technique is also the most quantitative method of imaging FRET. In ensemble
measurements where one is imaging a population of donor and acceptors (as opposed to
single molecule imaging), one measures FRET as a shift in the equilibrium between the
populations of bound and unbound species. The measured FRET signal, which may be the
lifetime decay or ratio of intensities in different spectral channels, is therefore a product of
the rate of energy transfer between individual donor/acceptor pairs and the proportion of
donor and acceptor labelled species that are in complex at any one time. Temporally resolved
measurements can in theory uncouple these two factors by assigning them different

parameters in a bi-exponential model of the fluorescence decay (Equation 3.9).

I() = a,exp =t +a,exp =t (Equation 3.9)
T 7,
Bound Unbound
species species

In the above equation, the pre-exponential factors a; and a, represent the fractional number
of bound and unbound species for the pixel in question, whilst the two values 7; and 7, are
the lifetimes of the fluorophore in the presence and absence of the acceptor, respectively (the
same as 7p4 and tp in Equation 3.8). These can be used to derive the FRET efficiency (and

hence distance separation) for an individual donor/acceptor undergoing FRET [88].

In practice, it is very difficult to obtain a sufficiently high photon count in each pixel for
independent fitting of bi-exponential decays. It is therefore increasingly common to use
techniques for global analysis [89, 90]. This approach assumes the lifetimes for the two
components are constant across the image, and only the relative fractions of each component
vary. The two lifetimes can be obtained by spatially binning all pixels in the image into one,
providing a high enough photon count for bi-exponential analysis. The lifetime values to
emerge from this may then used to globally fit the pre-exponential factors across the image,

building up a map of the populations of bound and unbound species. Examples of where this
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approach has been used include quantifying the spatial activity of protein-tyrosine
phosphatase PTP1B [91] and monitoring the proportion of phosphorylated ErbB1 receptors
in live cells [92].

3.3.4. Polarisation resolved measurements

As was seen earlier in our discussion of J. Perrin’s work on the subject, FRET can also be
detected through a fall in the polarisation anisotropy of the fluorescence emission. This
effect occurs because acceptors whose transition dipoles do not have components aligned
with the excitation may undergo resonant energy transfer from donors whose dipoles are

more favourably aligned (Figure 3.6).

PY
PX

Fluorophores whose dipole
moments have no Fluorescence emission from
component aligned with the acceptors is depolarised, .
excitation beam are not having greater component in P,
excited @ ;
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ex0|tat|)cl)r? has P, g FIuo.rescc-,Tnce emission FRET can excite acceptors

component onIy is still mainly polarised whose dipole moments are
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Absorption slight P, component) excitation beam
dipole moment polarisation

Figure 3.6: Imaging Homo-FRET by polarisation anisotropy. Secondary excitation of acceptors by
FRET results in an increase in the depolarisation of fluorescence, when the sample is excited by a
polarised light source.

An interesting feature of this approach is that it is not necessary to use spectrally distinct
fluorophores — it is equally applicable to studies of Homo-FRET i.e. the transfer of energy
from a donor fluorophore to an equivalent acceptor fluorophore. In this case, the measured
fluorescence will stem from molecules directly excited by the laser (donors) and those which
have been excited following energy transfer (acceptors). Assuming the molecules have a
long rotational correlation time, emission from the donors will remain polarised in the same
approximate direction as the excitation. Fluorescence from acceptors meanwhile is likely to
be more depolarised. It follows that FRET between closely packed molecules can be
detected by a fall in the overall anisotropy of the emission. This method is particularly useful
for studying the clustering and oligomerisation of proteins each labelled with the same

fluorescent species [93, 94].
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Although polarisation imaging is a versatile technique, it is important not to underestimate
the technical issues involved. Experiments may be difficult to implement on commercial
microscopes where the polarization properties of internal components aren’t always known.
Perhaps more challenging is to calibrate for the differences in flexibility of linkers used to
bind fluorophores to their target protein, since different linkers may affect the fluorophore’s

freedom to rotate to greater or lesser extent [95].
3.4. Choice of fluorophores for FRET

In theory, almost any pair of fluorophores that offers sufficient brightness and spectral
overlap between the donor emission and acceptor can be used for FRET. For cellular
imaging, however, the choice is restricted to those which can be targeted to a specific protein
or cellular species. This is by no means trivial given the huge number of different molecules

found within a single cell.

GFPs and RFPs have, by virtue of the ease with which they can be used to label different
proteins, become the favoured type of fluorophore for live cell FRET [96]. This said, they do
pose one or two limitations. The location of the chromophore within the Beta-barrel of the
protein limits the distance of closest approach between any two GFP chromophores to the
sum of the two barrel radii — in the range of 4 nm. This is of the order of R, for a typical
GFP/RFP pair, thus there is an upper limit to the maximum FRET that can occur between
these species (~50%). Other issues include the position of the GFP moiety. Owing to their
size and the need to avoid disrupting the innate folding of the target protein, GFPs are for the
most part fused to the N or C terminus of the protein. This may give rise to false negative
readouts for proteins that do actually bind to one another, since the fluorescent labels may

still be separated by a sizeable distance.

Organic dyes, although not having the same labelling specificity as genetically expressed
fluorophores, do offer other advantages from a FRET perspective. Being small molecules,
they arguably pose less disruption to the molecule under investigation. In addition, there is
no restriction on how close the donor and acceptor chromophores can approach one another,
meaning higher FRET efficiencies are possible. In light of this, work has focussed on
developing technology for introducing dyes non-intrusively into the cells, and targeting them
to specific proteins, without the need for an intermediary antibody. One example of this is
the FlAsH technology pioneered by R. Tsien’s lab [97]. FlAsH, (fluorescein-arsenical-

hairpin) is a cell permeable fluorescein derivative that by itself is non-fluorescent. This
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molecule has a high affinity for tetracysteine motifs - short series of amino acids containing
two or more pairs of cysteine residues. Upon binding to the tetracysteine motif, the molecule
adopts a different electronic configuration resulting in an enhanced fluorescence (Figure 3.7)

Fluorescence will therefore only emanate from the probe when bound to the protein.

FIAsH reagent FIAsH reagent
(non-fluorescent) (fluorescent)

Figure 3.7: FIAsH technology for labelling proteins (Figure courtesy of Invitrogen).

The tetracysteine motif can be introduced into gene sequences using the same steps used to
construct GFP fusions. Being much smaller than GFP, the tetracysteine motif can be
positioned at numerous locations along the protein’s length without so significantly
disrupting its function. The modified gene is then transfected into a cell population where it
will be expressed. The cells are incubated with the dye which will diffuse through the
membrane and bind to the tetracysteine tag. Any remaining dye is then removed by
successive washes in buffer solution. The result is a donor or acceptor positioned at a unique
site on the protein, permitting a close interaction with a partner fluorophore and resultant
high FRET efficiency. This approach has been used on a number of occasions, for example
in studies of G-protein coupled receptor signaling [98] and dimerisation of endothelin

receptors [99].

Whilst these results are impressive, issues with this technique still remain. It is not
uncommon to experience a high background signal from residual dye molecules binding to
cysteine rich regions of endogenous proteins. Cysteine residues themselves are reactive and
can lead to disruption of the protein’s function through formation of disulphide bridges. This

can have negative consequences for preserving the innate function of the protein.
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Quantum dots, whilst having been demonstrated as having good potential as FRET donors
[100, 101] have so far mainly been used for intramolecular FRET probes, where it is not
necessary to target the fluorophore to a specific cellular protein. Some of the key advantages

and disadvantages of the different fluorophores / labelling strategies are listed in Table 3.0.

Fluorophore Advantages Disadvantages
Synthetic . Small, no limit to how close e Difficult to use in live cells,
dyes FRET partner can approach immunostaining only possible
. Can be used to label in fixed cells
endogenous species by e Low specificity for target
immunostaining with antibodies proteins
. Large number of colours
GFPs . Easily expressed in cells, highly e Large size — may exceed size
suitable to live cell microscopy of target protein
. Maximum specificity for e In majority of cases, can only
labelling proteins be positioned at N or C
. Large number of colours terminal of protein

e Distance of closest approach
limited by Beta-Barrel

ReAsh/ . Small, no limit to how close e High fluorescence background
FIAsH FRET partner can approach can result from non-specific
. Can be targeted to specific sites binding to endogenous species
in protein e  Tetracysteine motifs may
. Multiple sites in protein can be affect protein folding
labelled e Limited number of colours
Quantum . High photostability and long e  Poor targeting specificity
dots fluorescence lifetime makes e Large size — may exceed size
suitable FRET donors of target protein

Table 3.0: Advantages and disadvantages of different fluorophores for FRET applications.

3.5. Experimental study of FRET between different FRET pairs

The choice of which type of fluorophore will of course depend on the nature of the
experiment. It is fair to say, however, that for most applications GFPs offer a significant
advantage through their ease of implementation. As a prelude to the work described later in
this thesis, we introduce some initial experiments that were carried out to evaluate the

performance of different pairs of fluorescent proteins as FRET pairs.
At the time when the work in this thesis was begun, the majority of live cell FRET

experiments reported in the literature had utilised the donor-acceptor pair ECFP / EYFP (or

their spectral equivalents Cerulean / Venus / Citrine etc). Although brighter and more
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photostable than most CFPs, EGFP’s use as a donor had up until this point been limited by
the absence of a suitable long wavelength acceptor. The only red fluorescent protein
available at this time, DsRed, was somewhat problematic owing to its long maturation
process (which includes an intermediate green emitting state), as well as issues regarding
tetramerisation. This issue was resolved in 2005 following the introduction of the DsRed
derivative mRFP [102]. Additional red protein derivatives, such as monomeric cherry
(mCherry) and monomeric orange (mOrange) [21] which were developed shortly afterwards,

opened up further opportunities for exploiting the benefits of EGFP as a FRET donor.

To evaluate the potential of these new red acceptors for FRET experiments, fusion constructs
consisting of EGFP linked by a 6 amino acid chain to mOrange, mCherry or mRFP were
cloned and then expressed in E-coli, after which the fluorescence lifetime of EGFP in the
purified proteins was measured and compared to EGFP alone. The length of the linker was
chosen to ensure the two fluorophores would be within the requisite distance for FRET to
occur. Since, on average, each of the acceptors would have the same distance separation /
orientation relative to the EGFP donor, any difference in FRET between the pairs should

reflect innate differences in the fluorophores’ ability to act as acceptors for EGFP.

EGFP emission

mOrange absorption
/ —— mRFP absorption
—— mCherry absorption

450 500 550 600 650

—

Wavelength / nm

Figure 3.8: Spectral overlap between the EGFP emission spectrum and the absorption spectra of the
three prospective FRET acceptors mOrange, mRFP and mCherry.

Figure 3.8 shows the spectral overlap J(2) for EGFP and each of these three acceptors. Table
3.1 shows the molar extinction coefficients for the three red fluorophores, and their predicted

Ro value, calculated using the online feature at the Nikon website: www.microscopyu.com.
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mOrange mRFP mCherry

Molar absorption coefficient / M'cm™ 71,000 50,000 72,000

Predicted R for EGFP donor / nm 5.5 5.0 5.2

Table 3.1: Molar absorption coefficients and predicted R values for the three FRET acceptors.

From Table 3.1 we see that the expected R, values for the two red proteins are
approximately equal, with mOrange having a slightly higher value owing to the greater
extent of spectral overlap with the EGFP emission spectrum. The lower value of R, for
mRFP compared to mCherry arises from a smaller absorption coefficient. On this basis, one
would predict that mRFP and mCherry would have similar FRET efficiencies when used as
acceptors for EGFP, while FRET between EGFP and mOrange would be slightly enhanced.

3.5.1. Measurements of FRET in bulk solution
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Figure 3.9: Temporal decay profiles for EGFP and each of the 3 donor/acceptor pairs EGFP-mRFP,
EGFP-mOrange and EGFP-mCherry.

To validate the above hypothesis, the purified proteins were placed in a cuvette and lifetime

decays measured using a novel, multispectral lifetime fluorometer developed by H. Manning
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and colleagues at Imperial College London. This probe uses a time correlated single photon
counting module (SPC-830, Becker & Hickl GmBh) to resolve lifetime decays across 16
spectral windows. For the purposes of these experiments, the fluorescence signal in channels
spanning the EGFP emission spectrum were binned into a single decay and compared for the
different constructs. Representative decays for the different combinations are shown in
Figure 3.9. From this, we can see that EGFP has, to strong approximation, a
monoexponential decay profile. Of the 3 FRET pairs looked at, EGFP-mCherry has the
greatest deviation from the EGFP decay, followed by EGFP-mRFP. This is in keeping with
the predicted values of R,. Surprisingly, the temporal decay profile for EGFP-mOrange is

almost identical to EGFP alone, suggesting FRET between these species is minimal.

3.5.2. Measurements of immobilised proteins on beads

FRET

Bound proteins \ m

N terminal S-tag —p

. Agarose
S protein ——p bead

Q/Q @@

Figure 3.10: Labelling of S-Agarose beads with purified protein FRET constructs.

In the cuvette experiments discussed above, FRET would arise primarily from interactions
between bound donors and acceptors, but there also existed the possibility of intermolecular
FRET between different pairs of molecules. To exclude this signal, we sought to immobilise
the proteins on a substrate such that individual donors would only have interactions with the
acceptor they were linked to. The purified proteins, by virtue of the vector they were
expressed in (pTriEx4 — Novagen) also encode an N terminal His-tag and S-tag sequence.
The latter is a 15 amino acid sequence that binds with high affinity to the 103 amino acid S-
protein, the two both being derived from the same RNase protein. By incubating the purified

protein with S-protein coated agarose beads (Novagen), we were able to immobilise protein
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on the surface of the beads (Figure 3.10). These could then be imaged under the microscope.

(See Chapter 4 for details of the steps used in labelling the beads).
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Figure 3.11: Top - FLIM images of beads labelled with EGFP, EGFP-mRFP and EGFP-mCherry
(Scale bar = 50 um) Bottom - Fluorescence lifetime histograms for the images shown.

Beads labelled with the different proteins were imaged on a Leica-SP5 confocal microscope
with excitation provided by a pulsed Ti:Sapphire laser (Tsunami, Spectraphysics) tuned to
960 nm. Before coupling the laser into microscope, the wavelength was frequency doubled
by focussing through a BBO crystal to provide an output wavelength of 480 nm.
Fluorescence was collected through a 525/50 nm emission filter. EGFP lifetimes were
measured using an SPC-830 time correlated single photon counting module (Becker-Hickl

Gmbh) that was synchronised with the scan coordinates of the microscope to provide lifetime
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data for each pixel in the final image. Figure 3.11 shows representative images of beads
labelled with EGFP, EGFP-mRFP and EGFP-mCherry, together with lifetime histograms for
the same images. Note that the data for EGFP-mOrange is not shown, since the decays

measured here were indistinguishable from EGFP alone.

The figures above concur with the data obtained in bulk solution, and indicate a significant
degree of FRET between EGFP-mRFP and EGFP-mCherry. The lifetime histogram for

EGFP and mOrange is not shown owing to the minimal shift from that of EGFP alone.

3.5.3. Discussion of measured FRET efficiencies

The data in sections 3.5.1 and 3.5.2 are a useful indicator of the shift in mean lifetime one
can expect to obtain when using fluorescent protein FRET pairs. Although it is unlikely one
would encounter scenarios in which the donor and acceptor were in much closer proximity, it
would be unwise to construe these as being close to the maximum FRET efficiencies
possible for these fluorophores. To do so would be to neglect the issue of favourable
alignment of transition dipoles, and one should not rule out the possibility that a different

orientation between the two fluorophores might lead to higher FRET efficiencies.

One interesting observation in these experiments has been the small FRET signal seen for
the EGFP-mOrange FRET pair. In the time since this work was carried out, several other
groups have published work along similar lines, using fused constructs of GFP variants to
determine optimal pairings for FRET. In 2008, van der Krogt et a/ published an extensive
survey of FRET pair efficiencies, which found similar results to those above, including an
unexpectedly poor performance of mOrange (although the lifetime shift was larger than that
reported here) [103]. This result is puzzling because in theory these two proteins possess all
the necessary criteria for FRET to occur and mOrange has been shown to function
successfully as an acceptor for the UV excited EGFP mutant T-Sapphire [104]. In the
aforementioned paper by van Der Krogt et al, the lack of FRET between EGFP and
mOrange was ascribed to incomplete maturation of mOrange, however, this seems unlikely
given that bright orange fluorescence was clearly visible when exciting this protein at longer
wavelengths. The possibility that the acceptor excited state might be saturated by absorption
at 480 nm was also ruled out by tuning the laser to shorter wavelengths, at which point there
was still no change in the measured lifetime. A possible explanation is that during folding
the mOrange and EGFP dipoles had become orientated at a particularly unfavourable angle

for FRET to occur. To determine this for certain would necessitate engineering new
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constructs, however, given the limited returns on this, it was decided not to pursue this line

of enquiry, but instead focus on mRFP or mCherry in future experiments.

3.6: Conclusion

In this chapter, we have introduced Forster Resonance Energy Transfer and its application to
imaging molecular interactions within cells. The different methods for imaging FRET in the
microscope have been discussed, with emphasis being placed on the advantages of
fluorescence lifetime imaging (FLIM). Some experimental data has also been presented

comparing the performance of different pairs of fluorescent proteins for FRET.

The next chapter discusses methods for preparation of biological samples used throughout
this thesis. In Chapter 5, the key signaling components studied in this thesis, namely Ras
family GTP-ases and the novel Ras effector Phospholipase C Epsilon (PLCeg) will be
introduced. These proteins and the interactions between them will form the basis for the
main focus of this thesis - development of novel microscopy tools and instrumentation for

using FRET to report on live cell signaling events.
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Chapter 4: Materials and methods

4.0. Cell culture

COS 7 and MDCK cells were grown in 75 cm? tissue culture flasks, in 15 ml Dulbecco’s
modified Eagle Medium (DMEM) with 10% added foetal bovine serum (FBS) and 2.5 mM

added L-glutamine. Flasks were stored in a 37.4 °C incubator, at 5% CO, concentration.

For microscopy, cells were plated out onto 3 cm diameter, glass bottom microscopy dishes
(MatTek™). Prior to seeding, cells were removed from flasks using 2 ml trypsin/versine and
suspended in 10 ml DMEM solution. Cells were then centrifuged for 5 minutes at 1200rpm,
and the medium aspirated to remove any remaining trypsin. The cell pellet was resuspended
in 10 fresh medium and cell densities determined by haemocytometry. Cells were plated out
at approximately 2.0 x 10° cells / dish. Cells were incubated for 24 hours prior to

transfection.

4.1. Fluorescent constructs

Enhanced Green Fluorescent Protein (EGFP) was expressed in live cells using the pEGFP-
C1 vector (Clontech). Constructs expressing human Ras were prepared in the pTriEx4 vector
(Novagen) and incorporated the full-length open reading frame (ORF) fused at the N-
terminus to the ORFs of fluorescent proteins mOrange, mRFP, mCherry or mPlum. The
fluorescent tag was separated from the Ras protein by a linker incorporating the sequence
GGSGGS. Tandem constructs of EGFP-mRFP, EGFP-mOrange and EGFP-mCherry were
prepared in the pTriEx4 vector, and also contained the GGSGGS sequence as a linker
between the two fluorophores. Standard splicing PCR was used to generate fused expression
constructs. In brief, the ORFs of fluorescent proteins and Ras were amplified with an
overlapping region consisting of a glycine-glycine-serine-glycine-glycine-serine linker (in
the final expressed construct). The two gel purified PCR products were mixed and a second
PCR initiated with oligos allowing amplification of a fused construct and allowing cloning
into pTriEx4 by Ligation Independent Cloning (LIC). The fused PCR product was gel
purified and cloned into pTriEx4 following the manufacturers protocol. Cloned constructs
were sequence verified and expression of correct fusion proteins confirmed by Western

blotting.
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Generation of rPLCe-EGFP: The ORF of rat PLCe amino acids 1258-2225 was cloned in the
pTriEx4 vector (Novagen) as previously described [105]. The ORF of EGFP was amplified
by PCR from the EGFP vector (Clontech) using primers encoding for AfIII restriction sites at
both ends. The PCR product was ligated by standard methods into the Af/II site downstream
of the RA2 domain of rPLCe.

The Raf-RBD-EGFP construct was constructed in the pEGFP-C1 vector and comprised
amino acids 51-200 of human Raf-RBD from C-Raf Kinase, separated from EGFP by the
same GGSGGS sequence. The Raf-RBD-TagRFP construct was later generated from this.
The coding sequence of EGFP in Raf-RBD-EGFP was substituted by the full-length open
reading frame (ORF) of TagRFP by excision and re-ligation from pTagRFP-C vector
(Evrogen, Moscow, Russia) using Age I and BspE [ restriction sites. Cloned constructs were

sequence verified and expression of correct fusion proteins confirmed by Western blotting.

For cloning of novel Raichu constructs mOrange-Raichu-mCherry and mOrange-Raichu-
mPlum, the original DNA sequence from CFP-Raichu-YFP [180] was amplified by PCR,
followed by transfer into the pCR4Blunt topo vector (/nvitrogen). The YFP fluorophore was
deleted by mutagenesis PCR, and mOrange inserted in its place using the Xhol/ restriction
site. The mCherry and mPlum DNA sequences were inserted at the Not/ site, after the Raf-
RBD DNA sequence. Each of these steps was designed to maintain the exact amino acids

linker sequences present in the original CFP-Raichu-YFP construct.
4.2. MaxiPrep procedure

All constructs were amplified in E-Coli bacteria to obtain stocks for multiple experiments. A

standard in house protocol was used.

Approximately 50 pl of bacterial cells was added to 0.5 pg plasmid DNA and left on ice for
30 minutes. The mixture was then submerged in a heat bath at 42°C for 2 minutes, before
returning it to ice for a further 20 minutes. The mixture was then incubated for 1 hour at 37

9C with 0.5 ml L-Broth.

After incubating, 200 pl of the mixture was pipetted onto the surface of an Agar plate with

specific antibiotics. The plate was left to incubate overnight at 37°C.
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The following day a single bacterial colony was removed from the Agar plate and transferred
to a flask containing 500 ml L-Broth with added antibiotics (ampicillin and kanamycin were
used at final concentration 50 ugml ). The flask was again left overnight to incubate at 37

°c.

After 24 hours, bacteria were reclaimed from the L-Broth solution by centrifuging at 4000
rpm for 10 minutes and removing the supernatant. The bacterial pellet was resuspended in
18.5 ml Alkaline Lysis Buffer Solution I, before adding 18.5 ml Alkaline Lysis Buffer
solution II to precipitate out genomic DNA. The mixture was centrifuged at 4000 rpm for 10
minutes at 4°C, and the supernatant then filtered through a cheesecloth into a second
centrifuge tube. A volume of propan-2-ol was then added equal to 0.7 times the volume of

the collected supernatant.

The solution was centrifuged again for 15 minutes at 4000 rpm and the supernatant removed.
The pellet was redissolved in 1.5 ml TE Buffer pH 8.0. An equal volume of 5 M LiCl
solution was added to the tube to precipitate out RNA. The tube was centrifuged at 4000 rpm
for 10 minutes and the supernatant poured into a fresh falcon tube. To this was added 5 pl
RNAse A (Qiagen) at 100 mgml™, and the solution incubated at 37 °C for a further 15
minutes. The contents were then added to an equal volume of solution of 13% PEG 8000
(Promega) and 1.6M NaCl and transferred to a microfuge tube. This was left on ice for 50

minutes.

The tube was centrifuged at 14000 rpm for 5 minutes, and the pellet separated from the
supernatant. The pellet was resuspended in 200 ul TE Buffer pH 8.0 and a further 200 pl of
Phenol / Chloroform (Sigma) was added. The mixture was vortexed for 30 seconds and then

centrifuged for 5 minutes at 14000 rpm.

On removing the tube from the centrifuge, the upper phase was pipetted into a new
microfuge tube. DNA was precipitated by adding 20 pl of 0.1 M sodium acetate and 400 pl
100% ethanol. The DNA was reclaimed by centrifuging at 14000 rpm for 2 minutes at 4 °C
and removing the supernatant. The DNA pellet was redissolved in 100 pl TE Buffer pH 8.0

and the concentration determined by UV absorption spectrophotometry.
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4.3. Cell transfection

Cells were transiently transfected with fluorescent constructs using a standard Lipofectamine
transfection protocol obtained from Invitrogen. Approximately 1.5 pg of plasmid DNA was
added with 4 ul PLUS™ reagent to 96 pl of serum free Optimem (Gibco®) in a sterile tube.
The mixture was then allowed to incubate for 15 minutes, during which time cells were
washed in serum free Optimem. Following this, a second mixture containing 90 pl serum
free Optimem and 10 LipofectAMINE reagent was added to the tube, and the whole
incubated for a further 15 minutes. A further 0.8 ml serum free Optimem was then added to
the transfection mix, and the whole overlaid onto the cells. Cells were incubated for 3 hours
at 37 °C in 5% CO,. After 3 hours, the transfection mix was aspirated and replaced with 2 ml

DMEM with 10% added FBS. Cells were then incubated overnight at 37°C.
4.4. Cell microinjection

For microinjection, plasmids were diluted to concentrations between 5-30 pgml™”, and
centrifuged at 14000 rpm for 10 mins to remove debris. Needles were pulled on an in-house
pulling tower, using 10 cm borosilicate glass capillaries (Harvard Apparatus, part no. 30-
0044) and back filled with 5 pl DNA. Microinjection was performed on a Zeiss phase

contrast microscope fitted with piezoelectric micropipette control, using a x40 objective lens.
4.5. SDS PAGE and Western blotting

All constructs used for imaging experiments were checked for size and degradation products
in COS cells using SDS PAGE followed by Western Blotting. Thirty six hours post
transfection, cells were harvested in standard lysis buffer (25 mM Tris buffer pH 7.5, 1 mM
EDTA, 0.1% Triton, 1 mM DTT with added protease inhibitors [Roche]) in 100 pl ependorf
tubes. Following sonication (10 pum amplitude), tubes were left on a rotating wheel for 15
mins 4 °C, after which they were centrifuged at 14000 rpm for 10 mins to remove membrane

and insoluble components.

The clear supernatant was assayed for protein concentration using a standard Bradford assay:
1 ul of protein was added to 1 ml of 5-fold diluted Bradford reagent (BioRad) in a cuvette,
and the absorbance at 595 nm quantified in a spectrophotometer. Protein concentrations were

then determined by reference to a BSA standard curve.
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Resolving gels, composed of 6-12% acrylamide, 0.2-0.5% bisacrylamide, 375 nM Tris
buffer pH 8.8, 0.1% SDS, 0.04% TEMED and 0.1% ammonium persulphate (APS) were cast
in a BioRad gel apparatus and overlaid with 200 pl water saturated isobutanol. Stacking gels,
composed of 3% acrylamide, 0.1% bisacrylamide, 115 mM Tris buffer pH 6.8, 0.1% SDS
and 0.2% APS were then added on top, and well combs inserted. Gels were transferred to
running tanks, and immersed in running buffer (22 mM Tris buffer pH 8.0, 188 mM glycine
with 0.1% added SDS).

Protein samples were denatured by addition of loading buffer (64 mM Tris buffer pH 7.0,
2% SDS, 17.5% glycerol, 1 mM DTT and 1.2 mM B-mercaptoethanol) and boiling at 95 °C
for 5 minutes. Approximately 25 pg of each protein sample was added to the wells, and

electrophoresis carried out at 120-200 V, depending on gel composition.

Following electrophoresis, gels were inserted in an electroblotting apparatus (BioRad), and
proteins transferred overnight at 30 V, 4 °C in buffer (22 mM Tris buffer pH 8.0, 188 mM
glycine, 20% methanol) onto nitrocellulose membranes (Hybond C Super, Amersham). After
transfer, blots were blocked for 1 hr in TBS-Tween solution (25 mM Tris, 1.4 M NaCl, 0.1%
Tween 20) with 5% milk powder (Marvel). Primary antibodies were added in blocking
buffer at concentrations between 40-200 ngml™ for 3 hrs at 4°C. Blots were washed several
times in TBS-Tween solution before blotting with secondary antibody conjugated to horse
radish peroxidase (goat anti-mouse HRP-conjugated antibody, or donkey anti-rabbit HRP-
conjugated antibody [Amersham]) at 1:5000 dilution. After 3 hours, blots were washed a
further 3 times in TBS-Tween solution and proteins detected by ECL (enhanced

chemiluminescence) using a standard ECL protocol (Amersham).

4.6. EGF stimulation

For EGF stimulation, cells were first serum starved for 24 hours by immersion in 2 ml
DMEM solution with 0.25% essentially fatty acid free BSA (Sigma) but without FBS. Cells

were stimulated by adding EGF to dishes to final concentration of 100 ngml™.
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4.7. Fixing cells

Prior to fixing cells, the medium was aspirated and cells washed in 2 ml phosphate buffered
saline (PBS). Cells were then immersed in 2 ml formaldehyde at 4% concentration in PBS,

for 4 minutes. Cells were washed and reimmersed in PBS for imaging.
4.8 Labeling of beads with fluorescent constructs

For studies of FRET between EGFP and different red acceptors, constructs of EGFP linked
to each acceptor were purified in £. Coli and bound to S-agarose beads before imaging on
the microscope. Approximately 50 -150 ul of 50 um S-agarose beads (Novagen) was added
to a 1.5 ml epindorf tube. Beads were then washed by adding 400 pl of buffer solution (50
mM Tris/HCI, pH 7.5, 150 mM NaCl, 1 mM DTT, 1% Triton-X-100, 2 mgml'1 BSA and 5
mM MgCl,) and centrifuging at 2000 rpm for 3 mins, after which buffer was removed by
suction. After repeated washes, beads were resuspended in 400 pl buffer and solutions of
purified protein added to make up a final concentration of 50 — 100 uM. The tube was left on
a rotating wheel at 4 °C for 2 hrs, after which the buffer solution and any unbound protein
was removed by suction. Beads were washed a further 2-3 times in buffer solution. In order
to immobilise the beads for microscopy, beads were mixed with 3 ml of a 6% acrylamide gel
solution (see SDS-PAGE and Western Blotting) which was then poured into 3 cm glass

bottom dishes (MatTek™) dishes and allowed to set. Beads were then imaged within 3 hrs.
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Chapter 5: FLIM-FRET studies of Phospholipase C

Epsilon interactions with Ras GTP-ases

5.0. Chapter overview

This chapter introduces the Ras family of GTP-ases as important components in cell signal
pathways and discusses the various downstream effectors through which Ras is able to elicit
different cellular responses. One of the downstream components addressed in this thesis is
the protein Phospholipase C Epsilon (PLCg), a member of the Phospholipase C family of

enzymes.

At the time of writing, much of what is known about PLCg and its interactions with Ras has
been inferred from biochemical assays performed in vitro. Imaging these interactions in a
cellular context would therefore be of particular value for understanding the regulatory
mechanism that govern these proteins’ function. Here, we discuss FLIM-FRET experiments
that were carried out using fluorescent constructs of Ras and PLCe and evaluate the scope of

this approach for monitoring cellular interactions between these proteins.
5.1. Ras family proteins

Ras family proteins are small (<30kDa) proteins that serve regulatory roles in a variety of
cell signaling pathways linked to growth, differentiation, proliferation and survival. This
family of proteins has come to prominence owing to the large number of cancers which
result, in part at least, from mutations in one or other Ras genes. Current estimates suggest
that 30% of all cancers are linked to a Ras gene mutation. These are especially prevalent in
pancreatic cancer, with incidences estimated at greater than 90%, whilst 50% or more

thyroid and colorectal cancers may stem from such an occurrence [106].
5.1.1. GTP-binding nature of Ras

The Ras family forms a subset of the superfamily of small GTP binding proteins or GTP-
ases. These proteins function as molecular switches by alternately binding to the
guanonucleotides GDP and GTP (guanosine diphosphate and triphosphate, respectively).

The transition between these two states is mediated by two additional families of proteins,
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known as GEFs (guanonucleotide exchange factors) and GAPs (GTP-ase activating

proteins). These proteins have complementary roles in operating the switch (Figure 5.0).

Upstream
signal
GTP ©== GDP
Inactive Activated
GTP-ase GTP-ase
GTP-ase GTP-ase
GDP GTP
Effector
protein
Pi GAP \
Downstream

signal

Figure 5.0: Regulation of GTP-ase activity by GEFs and GAPs. GEF's facilitate the transition from a
GDP bound state to a GTP-bound state in which the GTP-ase is able to engage with effectors and so
propagate downstream signals. GAPs return the protein to an inactive form by helping speed the
protein’s hydrolysis of GTP back to GDP.

The exchange of GDP for GTP results in a transition from the protein’s inactive state to an
active one. GEFs facilitate this exchange by destabilising the binding of GDP to the protein,
enabling the uptake of free cytosolic GTP to the nucleotide binding site. The additional
phosphate group in GTP induces a conformational change in the GTP-ase, allowing it to
engage with effectors and so propagate cellular signals. This might involve recruiting
downstream effectors to a particular cellular location (e.g. the plasma membrane) or

initiating conformational changes in the effectors themselves.

Once activated, the protein will, over time, hydrolyse GTP back to GDP (hence the term
GTP-ase). Rates of hydrolysis are increased through interaction with the second group of
regulatory proteins, GAPs, which help return the protein to a GDP bound state and so

terminate its signaling.
Aside from the Ras family of proteins, the GTP-ase family encompasses 4 other families,

those of Rho, Rab, Arf and Ran. Proteins are classified into a particular group primarily on

the basis of sequence homology, however, many also share similar functions in the cell
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(Table 5.0). A review of these different families and their roles in cell signaling has been

given by Takai et al [107].

Ras family Rho family Rab family Arf family Ran
H-Ras Tc21 RhoA Rac RablA Rab9 Rab22 Arfl Arll Ran
K-Ras Rit RhoB Rac2 RablB  Rabl0 Rab23 Arf2 Arl2
N-Ras Rin RhoC Rac3 Rab2 Rabl11A  Rab24 Arf3 Arl3
R-Ras Kir/Gem | RhoD Cdc42 | Rab3A RabllB Rab25 Arf4  Arl4
M-Ras  Rheb RhoE Rnd1 Rab3B  Rabl2 Rab26 Arf5 Arl5

RalA kB-Rasl | Rho3 Rho6 Rab3C Rabl3 Rab27A | Arf6 Arl6
RalB kB-Ras2 | Rho8 Rnd2 Rab3D Rabl4 Rab27B Sarla Arl7
RaplA R-Ras RhoG Rho7 Rab4 Rabl5 Rab28 Sarlb  Ardl

Rap1B RhoH Tcl0 Rab5A  Rabl6 Rab29
Rap2A TTF Rab5B  Rabl7 Rab30
Rap2B Rab5C Rabl8 Rab31

Rab6 Rab19 Rab32
Rab7 Rab20 Rab33A
Rab8 Rab21 Rab33B

Table 5.0: Mammalian small GTP-ases (Adapted from Takai, Sasaki and Matosaki [107])

Within the Ras family, the three classic isoforms H, K and N-Ras are the most prominent
members — the majority of Ras mutations can be traced to one or more of these genes and it
is these three members that shall be considered in this thesis. The first oncogene to be
discovered, H-Ras derives its name from the transforming gene of Harvey Sarcoma Virus,
with which it shares a high degree of sequence homology [108]. The K and N isoforms
similarly derive their names from the Kirsten Sarcoma and Neuroblastoma viruses
respectively. While all three isoforms are implicated in oncogenesis, mutations in K-Ras are
by far the most prevalent: of the total number of cancers involving a mutant Ras gene, 85%
may be attributable to K Ras. The remaining 15% are mainly accounted for by N Ras, with

figures suggesting less than 1% arising from mutations in H Ras[109].

5.1.2. Signaling via Ras: Upstream signaling and Ras activation

Following translation, Ras undergoes a series of post-translational modifications at the C
terminal. These modifications, which vary between isoforms, append a lipid moiety to the
protein’s C-terminus that allows it to associate with different intracellular membranes en
route to the plasma membrane [110]. Once at the membrane, Ras proteins are then activated
following ligand binding of stimulatory agonists to neighbouring receptors. A key example
of this is the activation of the epidermal growth factor receptor (EGFR) in response to
epidermal growth factor stimulation (EGF). When activated, these and other tyrosine kinase

receptors become phosphorylated, providing docking sites for SH2 domains of secondary,
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adaptor proteins. These can in turn recruit other cellular components to the plasma
membrane, including Ras GEFs, which will then initiate the exchange of GDP for GTP on
Ras anchored at the membrane. This is exemplified by the Grb-2 / Sos pathway shown in

Figure 5.1 below.

Signal ligand
Plasma membrane
Bound _j
- Cytosol

phosphate P P B GDP Ras
groups

_—

P P GDP GTP

Activated Eﬁect.or
receptor Grb-2 protein
tyrosine P P Sos

kinase GTP l

Phosphate groups on  Grb-2 recruits Ras-GEF
tyrosine kinase allow  Sos to membrane
Grb-2 protein to bind

Downstream
signaling

Figure 5.1: Ras is activated in response to signals from outside the cell. Activation of tyrosine
receptor kinases by signal ligands initiates the Grb-2-Sos pathway, leading to Ras activation at the
plasma membrane (Figure adapted from “Molecular Biology of the Cell [111] ).

Besides this common pathway, several other mechanisms for Ras activation have been
proposed, including activation via Ca*" or diacylglycerol dependent GEFs. These are also

discussed in more detail in Chapter 7.

5.1.3. Signaling via Ras: Downstream Ras effectors

The main Ras effectors and their downstream components are shown in Figure 5.2 below.
Many of these have been well characterised over the past two or three decades. Others, most
notably Phospholipase C Epsilon (PLCg), are more recent additions to the group of proteins

that Ras is understood to interact with in the cell.

The most widely documented Ras effector is the Raf serine-threonine kinase, of which there
are several isoforms: A-Raf, B-Raf and C-Raf [109]. Raf proteins lie upstream of the MAP
(Mitogen Activated Protein) Kinases ERK1 and ERK2 [112], known to promote gene
subscription and subsequent cell division through interaction with the ETS family of
transcription factors [113]. Aside from the MAP Kinase pathway, Ras proteins are also
known to activate phosphatidylinositol-3-kinase (PI3K), through its recruitment to the

plasma membrane [114]. Once brought to the membrane, PI3K is able to interact with its

70



substrate, phosphatidylinositol-4,5-biphosphate (PIP,), catalysing its phosphorylation to
form phosphatidylinositol-3,4,5-triphosphate (PIP;). PIP; lies upstream of the protein kinase
PkB/Akt [115] whose phosphorylation of substrates BAD, glycogen synthase GSK3 and
Forkhead transcription factors is a key mechanism for inhibiting apoptosis and promoting
cell survival [116-118]. PkB/Akt also lies upstream of NF-Kappa-B, which besides its well
documented role in inflammatory response is also involved in promoting cell growth and

division [119].

Ras
PI3 Kinase Raf PLCe
MEK
RalGDS PkB / Akt PDK1 PKC Caz+
ERK
Calcium signaling
Ral Forkhead BAD GSK3 ETS
Cell cycle progression Survival signaling Cell cycle progression
Gene transcription Gene transcription Gene transcription
Regulation of cell
cytoskeleton

Figure 5.2: Key Ras effectors and downstream signal pathways.

Also downstream of Ras is the exchange factor RalGDS, a GEF for the small GTP-ases
RalA and RalB [120]. Like PkB/Akt, Ral proteins are perceived to interact with members of
the Forkhead family of transcription factors, and are thought to promote cell survival through
inhibition of these proteins pro-apoptotic function [121]. The difference in roles between
RalA and RalB are currently the subject of debate; it has been suggested that only RalA is in
fact oncogenic, while RalB may function as a tumour suppressor by sequestering Ral GEFs

away from RalA [122].
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5.2. Phospholipase C Epsilon: A novel Ras effector

The most recent Ras effector to be discovered, Phospholipase C Epsilon belongs to the larger
family of phospholipase C enzymes. These proteins play a pivotal role in regulating
hormone, growth factor and neurotransmitter initiated cell responses [123, 124]. Following
activation by one of several regulatory proteins, Phospholipase C is able to catalyse
hydrolysis of the phospholipid phosphatidylinositol-4,5-biphosphate (PIP;) to the soluble
product inositol-1,4,5-triphosphate (IP;) and the membrane bound diacylglycerol (DAG).
The latter is involved primarily in the activation of Protein Kinase C while IP; has an
important role in calcium signaling, stimulating the release of Ca®" ions from the

endoplasmic reticulum (Figure 5.3).

Agonist

|
PLC | | | Plasma membrane

Receptor PIP, \

Caz+

Endoplasmic reticulum

IP3 receptor

Figure 5.3: Signaling via Phospholipase C (PLC) In response to agonist stimulation of cell surface
receptors, PLC is recruited to the membrane where it catalyses hydrolysis of PIP,, resulting in the
soluble product IP3; and membrane bound diacylglycerol DAG. IPs in turn promotes release of Ca’*
from intracellular stores through binding to the IP; receptor in the endoplasmic reticulum.

The emergence of PLCe as a novel Ras effector has challenged conventional views on the

regulatory mechanisms underlying phosphoinositide hydrolysis and subsequent secretion of
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second messengers including Ca®" and Ins(1,4,5)P;, Until recently, these processes were
thought to be regulated primarily through the interactions of heterotrimeric G proteins with
other PLC isoforms. The discovery of a new isoform directly activated by Ras suggests a

greater level of cross talk between these pathways than was previously recognised [125].
5.2.1. Mechanism for Ras interactions with PLCg

The suggestion that Ras could directly activate PLCe immediately followed the identification
of two Ras association domains at the protein’s C terminus (Figure 5.4) [126]. Whilst these
do not share a high degree of primary sequence homology with the Ras binding domains
from either C-Raf or PI3 Kinase, the secondary structure elements form a highly similar

structure to these classical Ras effector domains [127].

PLCB B Ce2 D o
PLCy X }'(SHz}[SHz]{SHs}'-[ Y ]—@
o s H @-0@

Figure 5.4: Domain structure of Phospholipase C family members PLCf, PLCy, PLCo, and PLCe.
The X-Y catalytic domain is conserved across all members, as are the C2 and EF domains. PLCe
(bottom) possesses an additional 2 Ras association (RA) domains at the C terminus, while the CDC25
domain at the N terminus has been implicated in GEF signaling to small GTP-ases.

Studies in which cells expressing different deletion mutants of PLCe were stimulated with
EGF and assayed for IP; production have shown that it is specifically the RA2 domain which
is required for Ras activation of PLCe [105]. This result agrees well with structural analysis
in which it has been demonstrated that the putative Ras binding interface in RA1 is
negatively charged and therefore does not favour an interaction with the (predominantly)
negatively charged binding site on Ras. This is in contrast to the RA2 domain, whose surface
charge distribution more closely resembles that of other Ras effectors. As such, the RA1
domain appears to be somewhat redundant, at least in regard to regulation of PLCe by Ras

[105].
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5.3. Imaging interactions between Ras and PLCg

Until now, microscopy studies have played a fairly minor role in our understanding of how
Ras regulates PLCe activity. Previous work using fluorescent constructs of PLCe in COS
cells showed PLCe to have a cytosolic location, but to translocate to the plasma membrane
upon EGF stimulation [125, 128]. This is in keeping with the theory that like other Ras
effectors, PLCg is recruited to the membrane following Ras activation by GEFs further
upstream. Nonetheless, a direct interaction between Ras and PLCe has not been verified in
cells. To investigate whether such interactions could be observed between PLCe and Ras
family GTP-ases, we cloned an EGFP fusion of PLCe in which the EGFP fluorophore was
tagged to the protein’s C terminus. Full length PLCg is a considerably large protein, in
excess of 250kD. Possibly as a result of this, transfection of full length PLCeg into cells is
particularly difficult and usually results in very low expression levels. An appreciable
amount of protein degradation may also be observed when cell lysates are analysed by
Western blotting. For this reason, it was decided to use a truncated form in which the N-
terminal CDC25 and REM domains were removed. This construct, denoted rPLCe-EGFP in

the text, is shown below in Figure 5.5.

Figure 5.5: Truncated PLCe fusion protein (rPLCe-EGFP)

An mRFP fusion protein was also made for each of the three classic Ras isoforms, H, K and
N-Ras. The mRFP was fused to the N terminus of each GTP-ase by a 6 amino acid linker.
Each of these constructs was kindly provided by Dr. T. Bunney at the Institute of Cancer

Research, London and was prepared as described in Chapter 4.

The Ras-mRFP fusions and the rPLCe-EGFP construct were assayed for expression and
degradation in COS cells. Cells were transfected with plasmid DNA using a standard
LipofectAmine protocol from Invitrogen and left to express for 24 hours, after which the
cells were harvested and analysed by Western Blotting (see Chapter 4 for details). Ras
proteins were probed using a monoclonal a-His primary antibody and the PLCg constructs
were probed using an in-house PLCe monoclonal antibody. The same a-mouse secondary

antibody was then used for each blot.
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Figure 5.6: Western blots of mRFP-labelled small Ras GTP-ases (left) and
rPLCe-EGFP (right), using whole cell lysates from transfected COS cells.

The blots in Figure 5.6 above show that each of the three Ras fusions H-Ras-mRFP, K-Ras-
mRFP and N-Ras-mRFP were well expressed in COS cells without signs of any degradation.
The rPLCe-EGFP construct was also seen to have negligible degradation, with a molecular

weight of 150kD (c.f. 250kD for the full length protein in lane 1).

COSs

MDCK

Pre stimulation Post EGF stimulation

Figure 5.7: Localisation of rPLCe-EGFP in COS cells (top row) and MDCK cells (bottom row). In a
small number of cells, rPLCe-EGFP was seen to translocate to the membrane in response to EGF
stimulation. The left hand panel shows serum starved cells prior to stimulation. The 4 images in the
right hand panel were acquired 10 - 30 mins post EGF stimulation. Scale bar = 15 um.

Having established the viability of the constructs, we proceeded to image their localisation in
cells on the microscope. Figure 5.7 shows images of serum starved COS cells and MDCK

cells expressing rPLCe-EGFP prior to and after EGF stimulation. In order to obtain

75



consistent expression of rPLCe-EGFP, plasmid DNA was delivered directly to the cell nuclei
using the technique of microinjection, with cells imaged 5-6 hrs post injection. In serum
starved cells, rPLCe-EGFP was seen to have a mainly perinuclear localisation (Figure 5.7
left panel). In a small minority of cells, stimulation with EGF resulted in a sustained
translocation to the membrane (Figure 5.7 right panel) — this agreed with previous reports by
Song [126] and Sorli [128]. Many of the cells imaged did not respond, however, but

maintained a perinuclear localisation.

5.3.1. FLIM-FRET studies of Ras and rPLCes-EGFP

The experiments above had shown that, on occasion, PLCe would undergo membrane
translocation in response to EGF stimulation. In order to determine whether this was due to
direct interactions between Ras and PLCe, we coexpressed fluorescent constructs of Ras-
mRFP and rPLCe-EGFP in MDCK cells and performed FLIM measurements to measure
FRET between the two. For FLIM, we used a TCSPC SPC-830 module (Becker and Hickl
GmBH) in conjunction with a cooled photomultiplier tube (PMC-100, Hamamatsu) to obtain
FLIM images of the EGFP donor. The PMT was connected to the external port of a Leica
TCS SP5 confocal microscope. Single photon excitation was provided by a frequency
doubled femtosecond Ti:Sapphire laser (Tsunami, Spectraphysics). A 30/70 partially
reflecting mirror was used to separate the excitation from fluorescence, together with a 500-

550 nm emission filter. Cells were imaged with a x63 1.40NA oil immersion objective.

Pre-stimulation 10 mins EGF stimulation

Figure 5.8: FLIM images of MDCK cells expressing rPLCe-EGFP and H-Ras-mRFP. The top row in
each panel shows localisation images of rPLCe-EGFP (green) and H-Ras-mRFP (red). The bottom
row in each panel shows the fluorescence lifetime map (left) and a merged image of lifetime with
donor intensity (right). In both cases, the colorbar bounds are 2000 ps (blue) to 3000 ps (red). Scale
bars = 20 um
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Pre-stimulation 10 mins EGF stimulation

Figure 5.9: FLIM images of MDCK cells expressing rPLCe-EGFP and K-Ras-mRFP. The top row in
each panel shows localisation images of rPLCe-EGFP (green) and K-Ras-mRFP (red). The bottom
row in each panel shows the fluorescence lifetime map (left) and a merged image of lifetime with
donor intensity (right). In both cases, the colorbar bounds are 2000 ps (blue) to 3000 ps (red). Scale
bars = 20 um.

Pre-stimulation 10 mins EGF stimulation

Figure 5.10: FLIM images of MDCK cells expressing rPLCe-EGFP and N-Ras-mRFP. The top row in
each panel shows localisation images of rPLCe-EGFP (green) and N-Ras-mRFP (red). The bottom
row in each panel shows the fluorescence lifetime map (left) and a merged image of lifetime with
donor intensity (right). In both cases, the colorbar bounds are 2000 ps (blue) to 3000 ps (red). Scale
bars = 20 um.

Figures 5.8- 5.10 above show FLIM images of rPLCe-EGFP coexpressed with mRFP fusions
of the 3 classic Ras isoforms in MDCK cells prior to and after stimulation with EGF. Each of
the three Ras fusions was seen to localise primarily to the plasma membrane. The H and N

isoforms were also seen to localise to the Golgi, whereas K-Ras-mRFP did not — this is in
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keeping with published findings that K-Ras traffics to the membrane via a different
mechanism to H-Ras and N-Ras [129, 130]. The images shown are representative of a
number of fields of view. In most cases, lifetimes were found to be homogeneous
throughout. In a small minority of cells where translocation of rPLCe-EGFP to the
membrane was particularly evident, a small shift in lifetime was visible. Figure 5.11 shows
FLIM images of rPLCe-EGFP in which FRET was observed at the cell membrane. Both

series of images are of cells stimulated with EGF for 10 minutes.

3000 ps 3000 ps

2300 ps 2300 ps

3000 ps ' 3000 ps

2160 ps 2160 ps 2160 ps

Figure 5.11: FLIM images from two fields of view of MDCK cells expressing rPLCe-EGFP and K-
Ras-mRFP. From left: Intensity image of rPLCe-EGFP localisation, with membrane translocation
particularly evident. Second from left: Fluorescence lifetime map (continuous color-scale). Third from
left: Fluorescence lifetime map (binary color-scale, to emphasise the shorter lifetime seen at the cell
membrane). Fourth from left: Intensity image merged with FLIM map (continuous color-scale). Scale
bar = 10 um.

The images in Figure 5.11 provide the first in vivo evidence of interactions between rPLCe-
EGFP and K-Ras-mRFP at the plasma membrane. Given this result, the question is raised of
why FRET was not observed more frequently following EGF stimulation. A possible answer
might be that the interaction is highly transient and therefore the chance that the two proteins

will be in complex at the point at which the cells are fixed is very small.

5.3.2. Studies of over-expressed Ras and PLCg

The cells imaged in section 5.3.1 were deemed to have a physiological expression level of
Ras, as evidenced by its correct localisation to cellular compartments such as the Golgi and
plasma membrane. It was found that at later time-points (7 hrs or more post microinjection)

the small GTP-ases became heavily overexpressed, presumably owing to the high plasmid
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copy number introduced to the cells at time of injection. Such cells exhibited enhanced
brightness when viewed in the microscope and more importantly, mislocalisation of Ras to
different cellular compartments and the cytosol. This issue of mislocalisation (trafficking of
overexpressed proteins away from sites of endogeneously expressed protein) is a common
occurrence amongst small GTP-ases that require post-translational modification and so rely
on further enzymatic interactions before being targeted to the correct cellular compartment,
most often the plasma membrane [130]. High levels of overexpression can cause a backlog
of protein waiting to be processed, with result that Ras is retarded on endomembranes or

released into the cytoplasm.

In some cases following prolonged expression of Ras, an interesting feature was observed.
The rPLCe-EGFP and Ras-mRFP were seen to colocalise within the cytosol, and when
FLIM-FRET measurements were performed on the microscope, these cells exhibited a
noticeable decrease in mean lifetime of the EGFP donor (Figures 5.12 and 5.13). This was
confined to cells in which Ras expression was particularly high and where the contrast

between the membrane and cytosolic fractions was quite diminished.

Figure 5.12: FLIM images of MDCK cells overexpressing rPLCe-EGFP and K-Ras-mRFP. The top
row in each panel shows localisation images of rPLCe-EGFP (green) and K-Ras-mRFP (red). The
bottom row in each panel shows the fluorescence lifetime map (left) and a merged image of lifetime
with donor intensity (right). The colorbar bounds are 2000 ps (blue) to 3000 ps (red). EGF was not
used to treat the cells in either data set. Scale bars = 20 um.
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Figure 5.13: FLIM images of MDCK cells overexpressing rPLCe-EGFP and H-Ras-mRFP. The top
row in each panel shows localisation images of rPLCe-EGFP (green) and H-Ras-mRFP (red). The
bottom row in each panel shows the fluorescence lifetime map (left) and a merged image of lifetime
with donor intensity (vight). The colorbar bounds are 2000 ps (blue) to 3000 ps (red). EGF was not
used to treat the cells in either data set. Scale bars = 20 um.

The results of any such experiments where Ras or another small GTP-ase is heavily
overexpressed must be treated with caution. At any one time, the cellular pool of Ras will
exist in an equilibrium between GDP and GTP bound forms. Overexpression of wild type
Ras may itself shift this equilibrium towards a higher concentration of activated Ras, with
consequences of tumorigenicity [131]. Cells with high overexpression should not therefore
serve as examples of physiological behaviour. This said, the data obtained from such
experiments can be informative, provided it is interpreted in the correct fashion. The results
above suggest interactions do occur between rPLCe-EGFP and H-Ras-mRFP when the latter
is expressed at high levels. That this effect is only seen in cells which have particularly high

level of Ras expression might reflect an inherently weak affinity of the interaction.

5.3.3. Studies of RA2 domain interaction with Ras

The argument put forward in section 5.3.1 to explain the rare occurrence of FRET between
rPLCe-EGFP and Ras-mRFP was that any such interaction would be a transient one, and
therefore would only be captured in a small number of cells imaged. An alternative
explanation might be that these interactions are of longer duration, but the two fluorescent
labels are only spaced within the requisite distance of one another for part of this time. Upon
binding, conformational changes in PLCe, or interaction with additional membrane
components could shift the orientation of the two fluorophores with result that FRET

between them would quickly diminish. Such a conjecture would be difficult to prove in
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practice, since it would require evidence of a conformational change in PLCe upon binding
to Ras. Nonetheless, one could speculate from this that if only the RA2 domain were
expressed, any FRET signal between Ras and RA2 would be more prolonged, since no such
conformational change would follow the formation of a complex. To test this hypothesis, we
coexpressed pTriEx4/H-Ras-mRFP and pEGFP/PLCg(RA2) in MDCK cells and COS cells
which were then fixed prior to and after EGF stimulation. FLIM-FRET experiments were

then performed as described above.

Pre-stimulation 10 mins EGF stimulation

Figure 5.14: FLIM images of MDCK cells expressing PLCe(RA2)-EGFP and H-Ras-mRFP. The top
row in each panel shows localisation of PLCe¢(RA2)-EGFP (green) and H-Ras-mRFP (red). The
bottom row in each panel shows the fluorescence lifetime map (left) and a merged image of lifetime
with donor intensity (right). The colorbar bounds are 2100 ps (blue) to 3000 ps (red). Scale bars = 20

Lm.

Figures 5.14 above and 5.15 below show FLIM images of PLCeg(RA2)-EGFP in cells
coexpressing H-Ras-mRFP stimulated with EGF. A clear FRET signal was indeed seen in
the membrane of these cells, suggesting that the RA2 domain does interact specifically with
Ras at the membrane and for a prolonged period of time. Similar results were also seen

where K-Ras-mRFP was expressed.
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Pre-stimulation 10 mins EGF stimulation
Figure 5.15: FLIM images of PLCe¢(RA2)-EGFP in COS cells coexpressing H-Ras-mRFP. Top left:

Intensity image, top right: Fluorescence lifetime (discrete lifetime scale), bottom left (continuous
lifetime scale), bottom right: lifetime merged with intensity image. Scale bars = 10 yum.

5.3.4. Comparison of interactions with Raf-RBD

Pre-stimulation 10 mins EGF stimulation

Figure 5.16: FLIM images of MDCK cells expressing Raf-RBD-EGFP and H-Ras-mRFP. The top row
in each panel shows localisation images of Raf~-RBD-EGFP (green) and H-Ras-mRFP (red). The
bottom row shows the fluorescence lifetime map (left) and a merged image of lifetime with donor
intensity (right). The colorbar bounds are 2100 ps (blue) to 3000 ps (red). Scale bars = 20 um.

The FRET signal observed from cells expressing PLCe(RA2)-EGFP and H-Ras-mRFP
provided a means to compare this interaction with that of another Ras effector — the Ras

binding domain of C-Raf-Kinase (Raf-RBD). MDCK cells were coinjected with DNA
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encoding pTriEx4/H-Ras-mRFP and pEGFP/C-Raf-RBD as previously described [104] and
FLIM measurements performed (Figure 5.16). These experiments were also repeated in COS

cells transfected with the same plasmids (Figure 5.17).
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Figure 5.17: Fluorescence lifetime images of Raf~-RBD-EGFP in MDCK cells coexpressing H-Ras-
mRFP. Top left: Intensity image, top right: Fluorescence lifetime (discrete lifetime scale), bottom left
(continuous lifetime scale), bottom right: lifetime merged with intensity image. Scale bars = 10 um.

To compare the results from cells expressing PLCg(RA2)-EGFP and Raf-RBD-EGFP, a
region of interest was defined about the membrane in images of both constructs, and the
lifetime histograms compiled for both this region and the image as a whole. Figure 5.18

below shows representative results for the two different effectors.
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Figure 5.18: Fluorescence lifetime histograms of Raf~-RBD-EGFP (left) and PLCe(RA2)-EGFP (right)
in COS cells expressing H-Ras-mRFP. Both pairs of constructs showed a fall in lifetime at the

membrane compared to the cytoplasmic fraction, although this shift was smaller in the case of
PLCe(RA2)-EGFP.
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The greater shift in lifetime seen between Raf-RBD-EGFP and H-Ras-mRFP could indicate
a closer proximity of the EGFP and mRFP fluorophores (or more favourable orientation)
when these two species are in complex. This is perhaps unlikely, since although neither the
RA1 nor RA2 domain of PLCg share a high degree of primary sequence homology with the
Ras binding domain of Raf, their tertiary structures are highly similar. Given this similarity,
it is perhaps more likely that the stronger FRET signal arises instead from a higher binding
affinity between Ras and C-Raf RBD, compared to PLCg(RA2). Although reports vary, the
dissociation constant for the RA2/Ras complex has been measured to be in the low
micromolar range [132] compared to that for Ras/Raf-RBD which is in the nanomolar range.
Thus, the results above would seem to confirm that the RA2 domain is a genuine Ras

binding domain which will bind to Ras in cells, albeit with lower affinity than C-Raf RBD.

5.4. Summary

This chapter has investigated the scope for imaging the interactions between small Ras GTP-
ases and the effector PLCe using FLIM-FRET microscopy. FRET was clearly visible
between the EGFP-labelled PLCg(RA2) domain and H-Ras-mRFP at the plasma membrane
following EGF stimulation in COS and MDCK cells. Similar results were also seen in the
context of a truncated rPLCe —EGFP construct with the N terminal CDC25 and REM
deleted, although only in a very small minority of cells imaged. Furthermore, a shorter EGFP
lifetime was measured in cells in which rPLCe-EGFP and H-Ras-mRFP or K-Ras-mRFP
were overexpressed to a high degree, indicating a possible interaction at non-specific sites

within the cell.

Taken together, these results confirm previous work suggesting that Ras/PLCg interactions
are mediated by the RA2 domain of the protein, which binds Ras at the plasma membrane.
The fact that FRET was only seen between the larger rPLCe-EGFP construct and H-Ras-
mRFP or K-Ras-mRFP in a very small number of cells suggests that the dynamics of this
interaction differ considerably from the isolated RA2 domain. This discrepancy could be
explained in a number of ways. One possibility is that the interaction between rPLCe and
Ras is a transient one and that once brought to the membrane, PLCg ceases to bind Ras and
instead interacts with other membrane components en route to substrate hydrolysis. Perhaps
more likely is that upon binding, rPLCe undergoes some form of conformational change with
a resultant change in distance between the two fluorescent labels. Assuming an increase in
separation, one would then only detect FRET in the short period between PLCe being

recruited to the membrane and its subsequent activation. This hypothesis would also explain
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why rPLCe-EGFP was often seen to localise at the membrane without showing signs of
FRET, whereas the isolated PLCe(RA2)-EGFP had a sustained FRET signal at all times after

binding to Ras at the membrane.

The results of the overexpression studies, whilst treating them with caution, do also provide
evidence of a direct interaction between PLCe and Ras. More generally, they highlight an
important consideration when using FRET to image protein-protein interactions. In order to
successfully resolve the binding between two proteins, one requires a sufficiently high FRET
signal that can be disseminated from the background. Here, background relates not only to
the underlying noise in the measurement, but also to the additional signal emanating from
unbound donors and acceptors. This signal may often mask the underlying FRET if the
fractional population of molecules in complex is much smaller than that of the unbound
species. The equilibrium between these states will be determined primarily by the binding
affinity (the degree to which a complex is more energetically favourable than the two
partners remaining apart). That FRET was not observed more frequently between these
proteins when expressed at lower concentrations may be a reflection of their small binding
affinity; overexpression of Ras would shift this equilibrium towards a greater fraction of
bound species, hence a greater proportion of ‘FRETting’ donors. A similar conclusion can
also be drawn when comparing FRET between Ras and Raf-RBD with that between Ras and

PLCeg(RA2), for which the reported dissociation constant is a magnitude greater.
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Chapter 6: High speed optically sectioned FLIM to image
FRET in live cells

6.0. Chapter overview

This chapter discusses the use of a quasi wide-field, optically sectioning microscope for fast
imaging of FLIM-FRET in live cells. The microscope uses a wide-field time-gated strategy
for fluorescence lifetime imaging coupled with a Nipkow spinning disc confocal scan head
to obtain optically sectioned images. A comparison is made between this system’s
performance and that of the commercially available laser scanning confocal microscope
discussed in the previous chapter. Here, performance is assessed with respect to the error in
the measured lifetime across an image when different integration times are used. The
enhanced speed of this instrument permitted us to obtain images with greater signal-to-noise
for shorter acquisition times and shows promise for increasing the temporal resolution of

FLIM-FRET time-lapse imaging.
6.1. Motivation for this work

To date, the majority of live cell FRET experiments reported in the literature have relied on
spectral ratiometric imaging of donor / acceptor pairs. Whilst certainly valid, this approach
possesses the drawback that differences in donor and acceptor concentration can give rise to
artefacts in the measured intensity ratio. It is therefore mainly applicable to intramolecular
FRET studies, where the donor/acceptor stoichiometry is always constant. FLIM-FRET,
which is applicable to both intra- and intermolecular FRET studies, has by contrast been
under-utilised. This is in part owing to the more complex nature of fluorescence lifetime
measurements and instrumentation but also to the comparatively long acquisition times

required on commercially available FLIM microscopes, the majority of which use TCSPC.

One of the main issues that arose during the course of experiments discussed in Chapter 5
was in fact the length of time required for each acquisition. Although this could partly be
explained by the low expression levels of rPLCe-EGFP, the same can not be said for other
constructs studied, for example EGFP-Raf-RBD, for which acquisition times were still on
the order of minutes. In this case, the long acquisition time was not attributable to the
inherent sample brightness, but rather to other factors that limited the rate of photon

collection at the detector. These factors included the need to avoid pulse-pile-up effects, amd
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the necessity for low excitation powers in order to prevent extensive photobleaching of the
sample. Through use of a different FLIM strategy, we have shown that it is possible to
overcome these limitations and so achieve the fast acquisition times required for imaging

these interactions in live cells.
6.2. Considerations for high speed FLIM

For high speed FLIM-FRET microscopy, two main criteria must be satisfied. First, the
spatial resolution must be sufficient to resolve the various organelles under observation and
secondly, the signal to noise in each pixel must be high enough to ensure an accurate
measurement of fluorescence lifetime on the desired timescale. This second point will
depend on the number of photons that can be collected from the sample in a given time and

the noise from the detector used to temporally resolve the fluorescence.

Although TCSPC offers the highest signal to noise measurement (per emitted photon) of any
FLIM technique, it is by its nature a point detection method, hence choosing this as a means
for resolving the fluorescence decay places a restraint on the number of pixels that can be
imaged in parallel. Wide-field excitation and detection enables one to gather light from
multiple pixels at once and maximise the overall photon collection rate, but conventionally
this is at the expense of optical sectioning. A system that combined the elements of parallel
pixel acquisition with optical sectioning would be highly desirable for live cell FLIM-FRET
studies of protein-protein interactions, including those between Ras and its effectors. This

was the motivation for the work discussed in this chapter.
6.3. Wide-field Fluorescence Lifetime Imaging

Wide-field fluorescence lifetime imaging has been described in both the time-domain and
frequency-domain [64, 68]. Traditionally, wide-field time domain FLIM has been the more
expensive and therefore less frequently used option. This was largely owing to the need for
an ultrafast laser for pulsed excitation. More recently, the growing availability of such lasers
and the additional benefits they provide has worked to redress the balance. These advantages
include the spectral tunability achievable through non-linear processes (second harmonic
generation, optical parametric amplification, etc) as well as the potential for multiphoton

excitation where deep penetration into thick samples is required.
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The principal components used for wide-field time domain FLIM are shown in Figure 6.0.
Wide-field FLIM images are captured by using an ultrafast laser for pulsed excitation and a
gated optical intensifier (GOI) for temporally resolving the fluorescence decay. The GOI
functions as a shutter which opens at a specific point during the course of the fluorescence
decay, allowing the intensity at that part of the decay to be captured on the CCD. The shutter
is triggered by a signal from the laser, and can be set to open at different time points by

changing the delay on the delay generator.
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Figure 6.0: Instrumentation for wide-field time-gated fluorescence lifetime imaging.

6.4. Implementing optical sectioning in wide-field microscopy

A number of methods now exist for implementing optical sectioning in a wide-field
microscope. These include deconvolution and structured illumination microscopy, both of
which have been demonstrated to provide high resolution sectioned images at fast frame
rates [48-50]. These techniques require post processing of multiple images, however, which
can dramatically reduce the bit depth in the final image. This is especially important when

combined with FLIM [133]. It is generally preferable to use a method in which a truly
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sectioned image is acquired on the detector. One device that provides this to a good
approximation is the spinning disc or Nipkow disc microscope, which can acquire optically
sectioned images at far higher frame rates than that possible in a standard point scanning
confocal microscope. The first example of this type of instrument was developed in the
1960s by Petran and Hadravsky, known as the Tandem Scanning Microscope [134]. This
was later refined in the Real Time Scanning Optical Microscope of Kino and Corle [135].
The main feature of these instruments is a disc perforated with a series of pinholes, such that
when an expanded laser beam is shone through the disc, a number of individual beams are
formed. Each of these beams is focussed to a different point on the sample and the
fluorescence from each point imaged back through the same pinhole to a detector. The
principle is therefore akin to a confocal microscope, except that multiple points are imaged
in parallel. Rotating the disc causes the position of each beam at the sample to change,
illuminating a new series of points in the sample plane. This parallelism reduces the time
taken to scan a field of view to the extent it becomes possible to use a wide-field detector
such as a CCD. The Nipkow disc can achieve similar axial resolution to that of a confocal

microscope while maintaining the benefits of speed provided by parallel pixel acquisition.

6.5. High power supercontinuum sources for FLIM

The discussion above suggests that a wide-field FLIM strategy, coupled with a spinning disc
microscope should meet the necessary requirement for fast, optically sectioned fluorescence
lifetime imaging and indeed, this approach has already been demonstrated in both the time
[136] and frequency domains [137, 138]. To date, however, these systems have had limited
application in imaging of live cell protein-protein interactions. One might question why this
is the case — given the parallel pixel acquisition, speed should not be an issue. This is to

overlook one vital aspect, however: the amount of light available for excitation.

In order for the Nipkow disc to provide optimal sectioning, it is necessary that the holes in
the disc be placed sufficiently far apart. If spaced too close together, light from outside of
focus might then reach the detector by passing through pinholes adjacent to that used for
excitation of a particular spot. The distance between adjacent pinholes must therefore be
large enough to offset this, which will in turn limit the amount of excitation light. The issue
of low disc transmission has been addressed to large degree in the CSU series of
microscopes released by Yokogawa Electric Corporation (Japan). In this system, a second
array of microlenses is used to focus light more efficiently through each pinhole, increasing

the disc’s transmission by an order of magnitude. (Figure 6.1) [139].
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Figure 6.1: The Yokogawa CSUIQ microscope series uses an array of microlenses to focus light
through each hole in the Nipkow disc. Each microlens is aligned with a single pinhole and the two
discs rotate together in synchrony This increases the transmission of excitation light through the disc
whilst keeping the spacing between pinholes large enough the preserve the optical sectioning effect.

Even allowing for the increased transmission efficiency of the CSU, a particularly powerful
light source is required in order to overcome the loss at the disc and to date, this has been a
limiting factor in realising the promise of such systems for live cell FLIM-FRET. This is
particularly true in the time domain where the need for pulsed excitation places further
constraints on the sources that can be used. For visible fluorophores such as EGFP, one
might consider using a frequency doubled Ti:Sapphire laser, however, the gain profile of
such lasers tails off toward 950 nm, with a concurrent fall in the efficiency of second
harmonic generation at wavelengths used to excite such fluorophores. Pulsed laser diodes

also cannot offer sufficient power for this application.

A solution to this problem has, nonetheless, recently become available. Novel laser sources,
based on supercontinuum generation in microstructured “photonic crystal fibre” (PCF) can
now provide output powers of several mW/nm across the entire visible spectrum [140, 141].
The term supercontinuum generation encompasses a series of non-linear optical processes
that combine to result in the spectral broadening of an input light signal, usually a
femtosecond or picosecond pulse from a mode-locked fibre laser / solid state laser, although
continuum generation based on nanosecond pulses has also been demonstrated [142].
Spectral broadening of the pulse within the PCF arises from a complex interplay of self
phase modulation (SPM), four wave mixing (FWM), raman scattering and soliton formation

and subsequent fission [143, 144]. These non-linear processes require high intensities of
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light, hence the need for tight confinement of the pulse within a particular waveguide
structure. That such lasers have now become commercially viable owes much to
developments in both microstructured fibre technology and high power ultrafast fibre lasers
[145-147] and their application in microscopy, including FLIM, is a growing source of

interest [148-150].
6.6. Set up for high speed Nipkow disc FLIM microscope

Based on the above discussion, we decided to revisit the concept of using a Nipkow disc to
obtain optical sectioning in a wide-field FLIM microscope, using a high power
supercontinuum source to ensure sufficient light for excitation. Figure 6.2 shows the

instrumental set up.
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Figure 6.2: Optical set up for wide-field optically sectioning FLIM microscope.

For efficient excitation of EGFP labelled constructs, we employed a 50 MHz pulsed
supercontinuum (Fianium, model SC450-2), with spectral power density 2 mW / nm in the
wavelength range 470-490 nm. The laser output spectrum was dispersed by a prism on to a
mirror and the excitation wavelength band selected by varying the position and width of a
slit directly in front of the mirror, before recollimating the back reflected light. This was then
coupled into a single mode fibre using a 0.17NA aspheric objective, and the fiber connected

to the input of a CSU10 confocal spinning disc unit (Perkin Elmer, UK).
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The CSU scan head itself is a stand-alone unit that can be connected at the camera port of an
inverted laboratory microscope. Excitation light is introduced to the unit by a single mode

fiber from where it is directed to the sample plane of the microscope (Figure 6.3).
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Figure 6.3: Schematic of Yokogawa CSUI0 scan head, microscope and CCD camera. (The GOI,
which for FLIM measurements is placed between the CSUI10 and CCD, is not shown in this figure).

The excitation and fluorescence light paths inside the CSU10 are shown in Figures 6.4 and
6.5 below. Light is coupled into the unit through a single mode fibre. The beam is collimated

and reflected off a series of mirrors to the microlens array and pinhole disc. The fluorescence
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Figure 6.4: Excitation light path in Yokogawa CSU10 scan head
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Figure 6.5: Fluorescence light path in the Yokogawa CSU10 scan head

For fluorescence lifetime measurements, we used a gated optical intensifier (Kentech
Instruments, model number HRI) in conjunction with a solid state electronic delay box
(HDG, also from Kentech Instruments). The latter can switch between delays in
approximately 1 ms, permitting images to be acquired at numerous time gates without
substantial penalty in acquisition time. The phosphorescence from the HRI was imaged by a
set of camera relay lens onto a 12 bit high resolution Peltier cooled ORCA-ER camera
(Hamamatsu). This camera has a chip size of 8.58 mm x 6.86 mm with 1344 x 1024 pixel

elements. The dark current in the camera is quoted at 0.1 electrons / pixel / second.
6.7. Preliminary FLIM experiments

As a preliminary test of the system, we acquired a z-stack of FLIM images from COS cells
expressing EGFP labelled Raf-RBD and H-Ras-mRFP which were stimulated with EGF for
10 minutes. A series of 5 time-gated images was acquired for each layer in the stack, with a
1 second integration time per image, using the maximum 1000 ps gate width on the HRI.
The results of this are shown in Figure 6.6, for which the total acquisition time was 120
seconds. By comparison, a 3D FLIM stack acquired on our confocal TCSPC FLIM
microscope would typically take tens of minutes. Figure 6.6 highlights both the optical
sectioning capabilities of the microscope and the temporal resolution in the lifetime decays,

as evidenced by the clear FRET signal around the cell membrane.

93



Figure 6.6: Sectioned image stack through a COS 7 cell expressing H-Ras-mRFP and Raf-RBD-
EGFP, displaying FRET at the plasma membrane following stimulation by epidermal growth factor
EGF. Each image was recorded in 5 s, with a 120 s total acquisition time (Scale bar = 10um)

6.8. Comparison of wide-field system with confocal TCSPC

A comparison was made between the signal to noise in FLIM images obtained with the
Nipkow disc FLIM microscope and those using a commercial confocal microscope with time
correlated single photon counting. For these experiments, we used an SPC-830 TCSPC
module (Becker and Hickl GmBH) in conjunction with a PMC-100 cooled photomultiplier
tube (Hamamatsu) to obtain fluorescence lifetime images. The PMT was connected to the
external port of a Leica SP2 confocal microscope. Single photon excitation was obtained by
frequency doubling of a Ti:Sapphire Laser (Tsunami, Spectraphysics) which was coupled
into the microscope. A 490 nm dichroic mirror was used in both the Nipkow disc microscope
and SP2 confocal microscope, together with a 500-550 nm band pass filter in the emission
channel. To account for the slight difference in axial resolution, the pinhole in the SP2

microscope was opened to obtain an equivalent axial PSF to that of the Nipkow disc.
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Figure 6.7: Representative images of EGFP expressing cells captured on the Nipkow disc microscope
(left column) and confocal system (right column) with acquisition times shown alongside. Note that
the noise is far more prevalent in the images of cells obtained on the TCSPC. Pixels in white are those
for which an erroneous lifetime beyond the bounds of the color scale has been calculated. (Scale bar
=10 um).

Although both systems will ultimately be limited by photobleaching considerations
(particularly when acquiring time lapse sequences) the goal here was to compare the
maximum signal to noise of the two instruments. For this reason, the laser power was chosen
so as to provide the maximum signal in each case. For the confocal microscope this
coincided with the pulse pile up limit of 10° counts per second, and was measured as 8 uW at
the sample. For the CSU10, the laser power was the maximum 8 mW obtainable from the

supercontinuum source through the single mode fiber.

Images of cells were acquired at integration times of 1-30 seconds, and the spatial resolution
set to be equal in both systems. Images were smoothed with a 3x3 kernel and lifetimes fitted
in a custom written LabView program (National Instruments). The intensity in each image
was thresholded so that only those pixels which had 25% or more of the peak intensity were
included in the analysis. Lifetimes were fitted using a least squares iterative Levenberg
Marquadt algorithm, and the mean lifetimes and standard deviations compared.

Representative images and derived plots are shown in Figures 6.7 and 6.8, respectively.
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Figure 6.8: Plots of the mean fluorescence lifetime and standard deviation measured from cells
expressing EGFP using confocal TCSPC, and time-gated Nipkow disc microscopy. The mean lifetime
recorded on the Nipkow disc is constant across the range of acquisition times, even with as short an
acquisition time as 1 second. In contrast, on the confocal TCSPC system an artefact is seen for
acquisition times below 10 seconds, owing to the reduced number of photons detected. This shortage
of fluorescence photons is further highlighted in the plot of standard deviation, where the increased
width of the lifetime distribution is evident across the full range of acquisition times.

6.9. Noise characterisation of wide-field detector

The results shown in Figure 6.8 are empirical though nonetheless informative measures of

system performance. To aid this comparison, a series of simulations was carried out to model
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the accuracy in lifetime determination for the two systems at different acquisition times. The
first step in this was to determine the noise characteristics of each detector. In the case of
TCSPC, where one measures photon events per second and the signal is shot-noise limited,
both the noise and the flux on the detector are easy to determine. For the wide-field detector,
the situation is more complex as the noise may vary depending on the gain on the
multichannel plate. Modelling this detector therefore requires knowledge of how the noise

varies with gain voltage.

Prior to characterising the GOI / camera system, two assumptions were made:

a) The main source of noise stems from the multichannel plate GOI. The cooled CCD
camera does not contribute significant noise to the measurement once background
images are subtracted (readout noise is insignificant compared to the GOI noise).

b) The camera has a linear operating range for integration times <5 seconds. At

intervals above this, fixed pattern noise becomes an issue.

The noise on the intensifier was characterised by observing the intensity distribution in
images recorded at different gains when the photocathode was illuminated by a continuous

wave diode laser, which was expanded to fill the full aperture of the detector (Figure 6.9).
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Figure 6.9: Optical set-up for characterising the intensifier noise. A CW LED was focussed onto a
diffuser wheel and then collimated to fill the aperture of the photocathode. The total flux incident on
the GOI was adjusted by use of different ND filters placed before the detector.

The LED power was set so as to produce a flux on the GOI equivalent to that seen in typical
cellular imaging experiments, assuming a fairly bright sample. This was achieved by
inputting typical acquisition parameters for a FLIM acquisition, and increasing the LED
voltage until the camera reached saturation. Typical values for these parameters when
imaging EGFP cells were a gate width of 1000 ps, an MCP gain of 500-550 V and a camera

integration time per gate of 0.1 — 0.2 seconds. Once set up, the LED voltage was not adjusted
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for the remainder of the experiments. A period of 30 mins was also allowed to pass before

beginning any acquisitions, to allow the LED power to stabilise.

6.9.1. Measurements of LED flux on detector

The first stage in characterising the detector was to determine the actual flux incident upon
it. This was measured by carrying out single photon counting measurements on the CCD. To
begin with, a 0.0076% ND filter was placed in front of the GOI and the camera integration
time reduced to below 30 ms. The goal here was to ensure that, in accordance with
requirements for single photon counting, no more than one photon was detected per camera
pixel during the integration time. Single photon counting was then performed as follows: A
series of 100 images was taken for integration times varying from 1 ms up to 30 ms on the
CCD. For each series of images, a threshold was applied, such that only bright events
corresponding to a detected photon (and not dark events in the camera) were recorded. It was
found that at the maximum MCP voltage of 850 V, the measured signal on the camera from
one such event was high enough to distinguish above the camera dark noise. Typical images,

at two different thresholds are shown in Figure 6.10 below.
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Figure 6.10: a) Acquired intensity image at 850 V, I ms integration time with a 0.0076%
transmission filter. Figures b and ¢ show the same image thresholded at 200 DN and 250 DN,
respectively.
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The total number of single photon events detected in each of the 100 frames was recorded,
and the mean and standard deviation calculated. The same was then repeated for each
integration time. To check that these were true single photon events being measured, the
mean number of photons per camera integration time was compared to the variance across
the series of 100 images. In the case where only single photons are detected, the square of
the noise (standard deviation squared) should scale with the mean. This was indeed seen to

be the case (Figure 6.11).
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Figure 6.11: Mean photon count as a function of integration time, for ND 0.0076% transmission.

These measurements were next repeated with a series of different ND filters. In each case,

plots of mean photon count and variance were compiled for the different integration times.
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Figure 6.12: Intercept of fitted function for different threshold values, at ND 0.0076% transmission.
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The optimum threshold was taken as that at which line of mean photon count versus time
was seen to pass through the origin (intercept = 0). Figure 6.12 shows the measured
intercepts for different threshold values, using the 0.0076% transmission filter. In this case,
the optimal threshold was found to be at 214 DN, with a fitted gradient of 33 photons / ms.

The results from 3 ND filter combinations are summarised in Table 6.0 below:

Percentage Transmission | Optimal threshold | Measured flux | Calculated flux (allowing for
value (DN) (photons / ms) transmission of filters)
10° photons / ms

0.0076 214 33 434
0.0035 207 19.4 5.54
0.0020 203 12.4 6.20

Mean flux 5.36

Table 6.0: Calculated photon flux for different ND filter combinations.

6.9.2. Signal to Noise Ratio Measurements

Having determined the flux incident on the GOI, we removed the ND filters and commenced
measurements of signal to noise ratio at different gain values. At each gain, a series of 10
integration times were chosen, the maximum of which ensured that the CCD just reached
saturation. For each integration time, a total of 100 images was captured on the CCD. The
mean background dark count was measured by repeating the same measurements with a light
proof cap on the camera. This value was then subtracted from the original image stack. Once
corrected, the mean intensity and standard deviation was calculated for each individual pixel
in the image stack. This resulted in two 225 x 336 arrays, the first containing mean
intensities, the second the standard deviations. Single values for the mean and standard
deviation were then obtained by averaging a 100 x 100 region of pixels in the centre of these
two arrays. These values were taken as the signal and noise respectively for that integration
time. It was found that for all MCP gain voltages used, the square of the noise varied

linearly with digital number / integration time (Figure 6.13 below).
Figure 6.14 shows the mean standard deviation as a function of digital number for the

different gain settings used. As one would expect, there is an increase in the noise (standard

deviation) with higher gain voltage.
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Figure 6.13: Variation in standard deviation squared with digital number, at different gain settings.
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Figure 6.14: Standard deviation measured for different gain settings.
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The signal to noise ratio SNR for a given gain / integration time was calculated from:

SNR = (Equation 5.0)

Opn

where DN is the mean digital number, and opy the standard deviation on the mean. The

results are shown in Figure 6.15 below.
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Figure 6.15: Signal to noise ratio SNR as a function of digital number for different gain settings.
6.9.3. Calculating SNR as a function of photon number

In order to make a quantitative comparison with TCSPC, it would be necessary to evaluate
the SNR as a function of the actual number of detected photons. Having previously measured
the flux incident on the GOI, it was possible to determine the number of photons detected at
each integration time on the camera. For each gain, the scaling factor 4, linking the digital

number readout to the actual number of photons § was calculated:

k = — (Equation 5.1)

Figure 6.16 below shows the measured values of k for each gain setting:
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Figure 6.16: k values for different MCP gain settings.

As was seen earlier, the variance (opy )* scaled linearly with digital number for each MCP
gain. Thus, assuming the digital number DN on the camera is a linear function of the number
of detected photons, it follows that (apy )* also scales linearly with the number of photons.

On this basis on can define a parameter B linking the measured variance with the number of

detected photons:
B = (GDTN)Z (Equation 5.2)
The signal to noise SNR can then be inferred from the following:
SNR = DN = kS = k i (Equation 5.3)
Opy /BS B

This is shown for the different gain settings in Figure 6.17 below:
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Figure 6.17: Signal to noise ratio as a function of detected photons for different MCP gain settings.
Inset: An expanded region of the graph for lower numbers of detected photons.

6.9.4. Comparison of wide-field time-gating and TCSPC: Simulations

The data in Figure 6.17 provide a look-up table of noise per given number of photons for a
specific MCP gain. Using these values, and assuming a known value of flux on the detector,
it was now possible to estimate the noise on the intensity in each gate during a wide-field

FLIM acquisition.

Following this, a series of simulations were run in which lifetime decays were compiled for
both the wide-field system and TCSPC. For the purpose of these simulations, the flux on the
detector was taken to be that obtained when using the maximum laser power possible on the
sample (when not taking into account photobleaching). In the case of TCSPC, this was
determined by the pulse pile up limit - a rate of approximately 10° counts per pixel per
second (for a single TCSPC card). For the Nipkow disc microscope, one could envisage

using a much higher power on the sample, even if taking photobleaching into consideration,
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since this will be distributed across the entire field of view. In practice however, one is
limited by the amount of available laser power. We therefore took the flux to be the
maximum obtained in practice from cells expressing EGFP (Figure 6.7). This was calculated
from the integration time required to reach camera saturation at a gain of 550 V, using the
maximum 1000 ps gate width on the HRI and was of the order 10° counts per second. The
total flux on the detector will be a factor 300 times greater than this, owing to the number of

beams that scan the sample in parallel.

Using these values of flux, and the noise characteristics of each detector, we were able to
simulate a series of decays for the two systems. Code for running these simulations was
written in MatLab by Dr. J. McGinty at Imperial College London. For TCSPC, we modelled
64 time bins, as typically used in the Becker & Hickl TCSPC acquisition. In the wide-field
system, a series of 5 time gates was used, in accordance with experimental practice. The
number of photons in each bin / gate was determined from the maximum flux per pixel, and
noise was added accordingly. This was then repeated for different acquisition times. Each
series was fed into our in-house fitting software, and histograms of lifetime obtained for

these acquisition times. Results of this are shown in Figure 6.18.
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Figure 6.18: Accuracy in lifetime as a function of acquisition time for three cases: i) confocal time
correlated single photon counting with a count rate of 10°s; ii) confocal time correlated single
photon counting with a count rate of 10°s”; iii) the Nipkow disc system, assuming a flux per pixel
equal to that calculated from cells expressing EGFP.

The results in Figure 6.18, coupled with the experimental data presented in Figure 6.8,
highlight the advantages of parallel pixel acquisition: although the signal to noise per photon

is less than that which could be obtained in a single photon counting module, the collection
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rate of photons from the sample is much higher. It follows that for short acquisition times,

the wide-field Nipkow system has an improved overall signal to noise ratio.

It is worth noting that for the short (<10 second) acquisition times under consideration, it is
exceedingly difficult to obtain sufficient photons for multiexponential analysis; hence no
benefit is lost in sampling the decays with wide gates and fitting a simple monoexponential
decay model. Where more complex decay analysis is required, global analysis (discussed in
section 3.3.3) can be used, allowing one to determine the relative amplitudes of different

lifetime components whilst still only using a small (<6) number of gates.

These simulations also do not account for the effects of photobleaching. In experiments, this
was found to be more prevalent in the case of the confocal microscope than the Nipkow disc,
most likely as a result of the higher peak intensity at the sample [151]. In practice therefore,
one often needs to limit the laser power on the confocal microscope below the pulse pile-up
limit with the consequence of a lower count rate at the detector. The green line in Figure 6.18
shows the results for TCSPC with a typical reduced count rate of 10° counts per second. One
can see that in this case, the acquisition time would need to increase 10 fold to achieve the

same signal to noise as the Nipkow disc microscope.
6.10. Application to imaging Ras activation in live cells

The results above show that the Nipkow disc time-gated instrument can acquire FLIM
images with higher signal to noise at short acquisition times. This increase in temporal
resolution allowed us to study the dynamics of Ras activation in living cells by time-lapse
FLIM imaging of FRET between mRFP labelled H-Ras and EGFP labelled Raf-RBD. Such
experiments had been reported in the past [152, 153], however, this was the first time optical
sectioning had been incorporated in the measurement — a key milestone for live cell imaging

of protein-protein interactions.

For the experiments below, live MDCK cells coexpressing H-Ras—mRFP and an EGFP
labeled Raf-RBD were imaged at different time points following EGF stimulation. EGFP
was excited with a wavelength excitation band of 470-490 nm, and fluorescence detected
through a 500-550 nm band pass filter. Images of H-Ras-mRFP were obtained by mercury
lamp excitation, using a 550-590 nm excitation filter with 600LP emission filter (Figure

6.19). Previously, we had seen a shortening of the donor lifetime at the cell membrane 5-10
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minutes after treatment with EGF. By using the Nipkow disc microscope, this activation

profile could now be followed within individual cells.
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Figure 6.19: Time-lapse fluorescence lifetime imaging of Raf-RBD-EGFP interacting with H-Ras-
mRFEP at the cell membrane in MDCK cells. Within 30 seconds of adding EGF, a shortening of the
EGFP donor lifetime was observed at the cell membranes, indicating activation of H-Ras-mRFP. The
maximum shift in lifetime was seen at 10 mins, after which the lifetimes began to rise, indicating a
transient activation profile. Left column: Donor fluorescence lifetime (continuous scale); middle
column: donor fluorescence lifetime (binary scale, thresholded at 2400 ps); right column: merged
fluorescence lifetime with intensity, bottom: H-Ras-mRFP localization. (Scale bar = 10 um)
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The images in Figure 6.19 show a fall in donor lifetime at the cell membrane within the first
few minutes of stimulation. This fall in lifetime peaked around 10 mins, after which the
FRET signal was seen to diminish slightly — this is in keeping with other published findings
on the dynamics of H-Ras activation at the plasma membrane [152]. These results represent

an important advance in our ability to study activation profiles of different cellular species.
6.11. Application to high throughput screening

Aside from time-lapse imaging of protein-protein interactions, the fast acquisition speed of
the Nipkow disc microscope offers opportunities for high throughput screening applications.
The use of microscopy for screening effects of drug compounds in multi-well plates is not
itself a novel concept, however, the systems currently in use would greatly benefit from the
ability to perform spectroscopic measurements, including FLIM-FRET. This idea has
already been demonstrated by Esposito et al who used an automated wide-field frequency
domain FLIM microscope to image the ubiquitination of different alpha-synuclein mutants in
multi-well plates [154]. The Nipkow disc microscope could enhance this capability by
providing the benefits of optical sectioning in addition to FLIM.

One caveat to this relates to the method used to sample and fit the lifetime data in each well.
Up until this point, the data sets presented have all been obtained using a standard FLIM
procedure, in which several time-gated images are collected and the intensities in each image
fit to an exponential decay model by a weighted least squares fitting routine (section 2.8.1).
Although manual fitting of decays is possible for these small data sets, the large number of
data sets acquired in high-throughout applications makes automated lifetime analysis
essential. This can be greatly helped through implementation of a Rapid Lifetime
Determination (RLD) method [65, 155, 156]. The RLD is an alternative strategy for FLIM
acquisitions, which removes the need for iterative fitting of decays, and so reduces the
burden on computing power needed to process the data sets. In this case, rather than
collecting an entire series of time-gated images, intensities are recorded in two or more time
gates and the fluorescence lifetimes are calculated analytically. Assuming the fluorescence
decay approximates a monoexponential function, the intensities in the first and second gates,

I,; and I o, can be expressed as:

- -AT .
I, = I,texp [i} [I - exp {—} ] (Equation 5.4)

T T

108



-t + _
I, = Iytexp [t’ . S] [1 - exp{#}] (Equation 5.5)

where /o is the intensity at the start of the decay, t is the fluorescence lifetime, s is the
separation in time between the two gates and AT is the gate width. The lifetime 7 can then be

derived analytically from the ratio of the two intensities:

S
T= ———— (Equation 5.6)
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Figure 6.20: a) Mercury lamp images of live MDCK cells expressing either EGFP or a tandem
construct of EGFP-mRFP. The fluorescence in the red channel shows only this cell expresses both
fluorophores. b) Fluorescence lifetime images of the same field of view, captured at frame rates of 1
Hz (top row), 5 Hz (middle row) and 10 Hz (bottom row). Also shown are the lifetime histograms for
each image. Lifetimes were measured using a two gate RLD method. The shorter lifetime in the cell
expressing both fluorophores is evident even when imaging at 10 Hz. (Scale bar = 10 um)

Since one only acquires images in two gates, the information obtained may be less than that

provided by a standard FLIM acquisition. Nonetheless, the RLD approach can still provide
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high quality data. Figure 6.20, for example, shows FLIM image of cells acquired using the
RLD approach. The cell on the left is expressing EGFP alone, while the cell on the right is
expressing the tandem construct EGFP-mRFP introduced in Chapter 3. The difference in
lifetime between the two cells is obvious, and can be resolved as two distinct peaks in the
histogram when imaging at 5 frames per second. It is possible that by averaging over
multiple cells, one would be able to discern this difference even when imaging at 10 frames

per second.
6.12. Summary

This chapter has discussed the implementation of an optically sectioning fluorescence
lifetime imaging microscope for studies of live cell signaling. A key step in achieving this
has been the incorporation of a high power, pulsed supercontinuum source for efficient
excitation of EGFP labelled fluorescent constructs. The acquisition times are significantly
shorter than that achievable by TCSPC for equivalently bright specimens, and permit the
study of dynamic changes in cell activation and function with greater temporal and spatial
resolution than previously possible. The system also holds promise for high throughput
screening, including pharmaceutical applications, such as for evaluating the effects of

different inhibitors of Ras activity.
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Chapter 7: Multiplexed FRET to image dual FRET sensors

7.0. Chapter overview

The ability to resolve molecular interactions within cells has made FRET a highly valuable
technique for biologists. A positive FRET result is a strong indication that two proteins
which are observed to bind in irn vitro assays do genuinely interact within the context of the
cell and thus are physiologically linked. This feature has often been argued as the unique
selling point of FRET microscopy. In recent years, however, it has become increasingly
evident that it is not only the spatial localisation of signals that determines cellular response,
but also the temporal dynamics of these signals. Imaging of single interactions in fixed cells
is therefore only the first step towards understanding the role two such proteins have in the

cell.

In this chapter, we discuss the implementation and characterisation of a wide-field
fluorescence microscope, together with design of suitable fluorescent probes, for imaging
two FRET pairs within a single live cell, with each pair being used to report on a different
aspect of cell signaling (in this case, calcium flux and activation of Ras GTP-ases at the
membrane). The ability to resolve the temporal and spatial dynamics of these separate events
in live cells following stimulation represents an important step forward in correlating distinct
elements in a signal pathway. The technology described will also be applicable to a wide
range of other signal pathways, using different FRET sensors to report on these other

signaling events.
7.1. Motivation for multiplexed FRET experiments

In Chapter 5, we discussed the use of FRET to image interactions between PLCe and
members of the Ras GTP-ase family of proteins. Numerous studies have suggested possible
interactions between PLCe and these different proteins, although scant evidence of FRET
was seen in these studies (excluding the interaction of the isolated RA2 domain with Ras).
This posed the question of whether the strength or longevity of such interactions was below
the threshold of that detectable in the microscope. To learn more of the biology of PLCe
therefore requires an alternative approach, using more established FRET sensors to report on

associated signaling events.
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7.1.1. Basis for investigating PL.Cg activity by multiplexed FRET

The prime mode of activation of PLCg is thought to occur through its interaction with Ras at
the plasma membrane. Nonetheless, recent experiments have shown that a more diverse
series of events may lead to PLCe activation, independently of Ras. Interestingly, it has even
been suggested that calcium release following PLCe activation by other routes may itself

lead to Ras activation, through calcium activated Ras GEFs.

Calcium and Ras activity have long been known to be implicated in similar cell processes,
including survival, differentiation and proliferation. Rosen et al were able to offer definitive
evidence of calcium regulated Ras activation, which occurred following release of calcium
from internal stores and also from outside the cell via voltage operated channels, in PC12
cells and primary rat neurons [157]. The demonstration that an oncogenic Ras could bypass
calcium regulated aspects of cell cycle suggested a clear link between Ras and calcium
signaling, which in the time since has been confirmed by the identification of a number of

calcium regulated Ras GEFs and GAPs [158, 159].

The first GEF to be discussed here is the Ras guanine-nucleotide-releasing factor (Ras
GRF1, or CDC25Mm) and the highly similar Ras-GRF2 protein. In both cases, it is the
presence of the CDC25 C-terminal domain, a highly conserved sequence amongst Ras GEFs
that identifies them as such. Other regulatory domains comprise an N-terminal PH domain,
calmodulin binding IQ region and additional regulatory domains with suggested roles in
protein-protein interactions. It is envisaged that GEF activity is initiated by calcium
dependent calmodulin binding to the protein’s IQ domain [160]. In contrast to the
quintessential Ras GEF Sos, which has a cytosolic localisation and is only recruited to the
plasma membrane following ligand binding to membrane receptors, RasGRF1 is localised to
the plasma membrane by interactions of its PH domain with phospholipids, or possibly the
By subunits of G-proteins. Its activation of Ras may therefore be accomplished by calcium
binding alone. RasGRF2 meanwhile has a cytosolic localisation and the mechanics which

drive this protein’s recruitment to the plasma membrane are unknown [161].

Other Ras GEFs with alternative regulatory factors have also been identified. We mention
them here because these other factors have crossover into PLC regulated signal pathways,
and thus highlight further interplay between Ras and PLC signaling. Ras guanine-nucleotide-
releasing protein (RasGRP), also known as calcium and diacylglycerol-regulated guanine-

nucleotide exchange factor II (CalDag GEF II) binds calcium through an EF-hands domain,
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although this alone is insufficient for Ras activation. An additional interaction with
diacylglycerol is also required, mainly to provide anchorage in the membrane. This has been
confirmed by substitution of the DAG binding domain with other membrane localisation

signals, such as the C-terminal region from K-Ras [162].

CalDAG GEF I meanwhile has been identified as a GEF for the small GTP-ase RaplA,
which catalyses Rap activation in response to cell treatment with phorbol ester, causing its
translocation to the plasma membrane. This too can stimulate Ras, although only after

prolonged treatment of the cells [163].

CalDAG GEF III functions as a GEF for several Ras family members, binding to phorbol
ester and resulting in heightened activation of MAP Kinase [164]. Diacylglycerol would
seem to be the dominant factor in regulating this protein’s GEF activity by recruiting it to the

cell membrane.

In addition to these GEFs, several Ras GAPS have also been identified in the literature.
Indeed, the activity of such proteins is evident in the exchange between calcium free and
calcium containing media, which in some studies has been sufficient to inhibit MAP Kinase
activation and cell proliferation. A prominent Ras GAP is p120 RasGAP, which is
understood to translocate to the plasma membrane following calcium flux into the cell [165].
Translocation is thought to occur via the protein’s C2 domain. Whilst some studies have
suggested p120 GAP activity to be directly activated by calcium, these have met with
opposing views by others, particularly in light of the consideration that the C2 domain does
not contain the typical aspartate residues commonly found in other C2 calcium binding
domains [166]. An alternative, indirect mode of activation has been suggested through

interaction with Annexin VI, itself having a well characterised response to calcium [167].

Elsewhere, proteins of the GAP1 family have been shown to inhibit Ras activation in
response to calcium flows. The most prominent of these is the calcium promoted Ras
inactivator (CAPRI), which, in addition to its Ras GAP domain, has two C2 domains,
complete with aspartate residues normally expected in such calcium binding domains [168].
Once again, inactive CAPRI has a cytosolic localisation, but upon cell stimulation is
recruited to the plasma membrane through the interaction of its two calcium bound C2
domains with membrane phospholipids. A more complex picture of calcium regulated Ras

. . . . . . . IP4ABP
inactivation arises in considering the GAP1

protein. This protein is activated through
interaction with the second messenger 1,3,4,5-tetrakisphosphate, itself generated from IP; by

Ins(1,4,5)P;-3-kinase in a calcium dependent manner. This rather convoluted path of steps
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has led it to be posited that GAP1P1™*P" functions as a PLC dependent GAP which is able to
switch off Ras activity following production of IP; in response to different cellular agonists

[169].

In the context of this discussion, the emergence of PLCg as a possible node for integrating
calcium and Ras related signal processes [170] is particularly interesting. In addition to its
direct interaction with Ras, the downstream products of its substrate hydrolysis, namely
diacylglycerol and calcium, may themselves serve to upregulate Ras activity through
CalDAG-GEFs or RasGREF, resulting in prolonged PLC activity and changes in temporal
modulation of the ensuing calcium flux. Depending on the duration and amplitude of the
initial calcium flux and diacylglycerol release, the reverse might also be true, i.e. Ras GAPs
such as Ras GRP1 may become activated, switching off the Ras signal cascade. Investigating
the temporal dynamics of Ras activity and calcium fluxes in cells expressing PLCeg is
therefore of great interest in understanding its role in cell physiology. Moreover, it would
move us one step forward to better understanding the complex interplay between Ras

activation and calcium signaling in general.
7.2. Imaging calcium flux in cells

Calcium imaging has been a mainstay of cell biology research for the past two decades. The
most widespread method for calcium imaging is the use of fluorescent dyes — small,
inorganic molecules that are usually conjugated to a calcium chelator, such as EDTA or
more commonly BAPTA. When bound to calcium in cells, the attached fluorophore may
undergo either a shift in fluorescence intensity or emission wavelength. Dyes that show a
change in intensity upon calcium binding include Oregon green, calcium-green-1 and
calcium green-2. Those that show a change in emission wavelength can be used for
ratiometric measurements and are therefore less prone to artefacts arising from

photobleaching — these include the Fura-2 and Indo-1 dyes [171, 172].

The main alternative to calcium dyes involves the use of genetically encoded indicators. The
first of these to be used, dating back to the 1970s is the endogenous protein aequorin derived
from marine jellyfish [173]. (GFP was later derived from a jellyfish of the same species).
Aequorin is a bioluminescent molecule that emits light in the presence of calcium. The main
drawback of this protein is its low dynamic range — the low light signals generated upon
calcium binding require exceptional detector sensitivity in order to measure them. During the

late 1980s and 1990s, following the introduction of GFP, a new range of calcium sensors
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became available. A fortuitous discovery by Baird et a/ [174] showed that in addition to C or
N terminal fusions, GFPs could also tolerate insertions of calcium sensitive domains at other
sites in their Beta Barrel structure. The change to ‘circularly permutated’ mutants of GFP
provided fusion proteins whose fluorescence was much more sensitive to calcium binding in
the inserted domain (in this case, calmodulin). Currently, several probes based on this
principle have been developed, including camgaroo [175], pericam [176] and G-Camp [177].
Calcium binding to these domains can affect the protonation state of the chromophore, with a

resultant change in fluorescence intensity or occasionally a shift in emission wavelength.

Following the development of the CFP and YFP spectral variants of GFP, the first
ratiometric FRET calcium probe ‘cameleon’ was reported by Miyawaki et al [72].
Substitution of the ECFP and / or EYFP fluorophores for alternative cyan and yellow
variants (and their circularly permutated equivalents) has given rise to an entire family of
cameleons. Currently, the most favourable variant in terms of its dynamic range (and the first
to be sold commercially) is the YCAM 3.6. cameleon, also developed in the lab of Miyawaki
[178]. An excellent review of these different indicators, and their advantages and

disadvantages has been given by Palmer and Tsien [179].

7.2.1. Choice of FRET sensors for imaging calcium

Calcium Ca”" Advantages Disadvantages
indicator
Calciumdyes | e  Easy to load into cells e  May be toxic to cells.
(Fura, Indo) e Highest dynamic range | e  Will eventually leak out of cells
of all calcium sensors not suitable for long term imaging
e  High brightness experiments
e Can not be targeted to specific cell
locations

e  May aggregate in certain cellular
compartments over time

Aequorin e  Suitable for imaging e Requires gene expression within

single cells cells

e  Poor quantum yield and low
dynamic range

Cameleon e  Suitable for imaging e  Requires gene expression within
single cells cells
e Good cell viability e  Dynamic range is lower than small
e Possible to design molecule calcium sensitive dyes

stable cell lines

Table 7.0: Pros and cons of different calcium imaging methods (adapted from [180]).
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Table 7.0 above lists some of the main advantages and disadvantages of the different
approaches for imaging calcium in live cells. Given the higher dynamic range of calcium
dyes, one might argue that use of a genetically encoded FRET sensor for tissue culture
studies is somewhat redundant. For straightforward calcium imaging, this is perhaps true.
Nonetheless, it is important to remember that in pursuing these experiments, our goal was
not only to image calcium transients, but more generally to explore the potential for imaging
multiple FRET sensors within single cells. At the present time, a large number of different
FRET sensors based on ECFP/EYFP or their spectral equivalents have been reported in the
literature [72-76]. The vast majority of these possess no chemical analogue capable of
reporting on the same cellular process. Being able to image the cameleon probe and a
second FRET sensor within the same cell successfully would therefore represent not only a
result in terms of correlating these two signaling components but in addition would show the
way forward for correlating other signaling events using the many other available FRET
sensors. On this basis, we decided to investigate whether YCAM 3.6 could be used as an
indicator for calcium signals associated with PLC activity, and if so, to combine this with an

additional FRET sensor for imaging Ras activation within these same cells.

7.3. Preliminary studies: Cameleon imaging with PLCs

For imaging YCAM 3.6 in cells, we used an Olympus 1X81 microscope with illumination
provided by a 447 nm diode pumped solid state laser (Crystalaser, USA). The fluorescence
emission was spectrally resolved using a Dual View Imager (Optical Insights, USA) placed
at the camera port of the microscope and coupled to a Hamamatsu ORCA ER CCD.

ECFP
emission

Entrance filter

aperture / — CCD

Sample |:| / \ —

|:| LP 505
dichroic \
Venus

emission
filter

Figure 7.0: Schematic of the Dual View Imager from Optical Insights. The Dual View can be used to
spectrally resolve fluorescence from the sample into two channels, imaged onto the same CCD chip.
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The Dual View is an optical component that resolves the fluorescence signal into two
spectral channels, which are then imaged onto two halves of the same CCD chip. A
schematic is shown in Figure 7.0 above. For the experiments discussed, a LP 505 nm
dichroic was used to spectrally resolve the ECFP and Venus fluorescence. A 535/40 nm
emission filter was used in the Venus spectral channel and a 483/20 filter in the ECFP
channel. An example image of cells expressing YCAM 3.6, excited at 450 nm is shown

below in Figure 7.1.

Venus channel ECFP channel

Figure 7.1: Dual channel image of COS cells expressing the YCAM 3.6 sensor (Scale bar = 10um).

7.3.1. Image analysis

Collect time series Separate CFP and Identify image in CFP time-

of dual view YFP intensity lapse sequence with lowest
intensity images channels intensity

Perform co-registration of Cll:zlejﬂ;:fa':g}%? g:)_ Define threshold

CFP alxnd YF!:> c.hannels' in registration with YFP mask t?ased on this

each image in time-series image

{} channel

Apply threshold For image display, apply
mask to co- colourmap and scale images to

registered images fill dynamic range (256 levels)

Figure 7.2: Flow chart for batch analysis of dual view time-lapse sequence images.

Analysing the FRET signal from the cameleon probe requires accurate ratioing of pixel
intensities across the two halves of the image. The main issue here is correct registration of
the two channels when dividing one by the other. A custom program for this purpose was

written in LabView (National Instruments) by Sunil Kumar, and was incorporated into a
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second batch processing program for analysing time-lapse sequences of dual channel images.
The main steps in this analysis are shown in the flow chart in figure 7.2. Figure 7.3 below
shows one such time lapse sequence, for the cells pictured earlier. These cells were also
cotransfected with a plasmid encoding full length (untagged) PLCe. Following EGF

stimulation, images captured at 1s intervals for 5 minutes.

Pre stimulation 10s 30s 60 s 120 s 300 s

Figure 7.3: Time-lapse sequence of ratiometric FRET images of cells expressing full length
(untagged) PLCe and YCAM 3.6, stimulated with EGF. Immediately after stimulation, a large calcium
flux was seen to occur in the perinuclear region of the cell, as seen here from the increased ratio of
the Venus / ECFP channel intensities, which gradually subsided over the course of 5 minutes. (Scale
bar =10 um)

7.3.2. Results of dual view calcium imaging

To investigate the potential for imaging calcium fluxes associated with PLC activity, we
contransfected COS cells with plasmids encoding YCAM 3.6 and full length (untagged) PLC
isoforms PLCe, PLCyl and PLCP. Following transfection, cells were placed in serum free
media overnight and imaged the following day using dual channel detection as described
above. Time-lapse sequences of cells were acquired for up to 5 minutes, with EGF added to
the cell medium 10 seconds after the start of the acquisition. Images were then batch
processed using the series of steps shown in Fig 7.2 and intensity ratios from the cytosolic
region of the cells analysed. Trends in intensity ratio were compared for cells co-expressing
the 3 PLC isoforms and YCAM 3.6, with cells expressing YCAM 3.6 alone, when
stimulated by EGF. Figure 7.4 shows representative traces from a number of fields of view

for each of these cases.
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Figure 7.4: Variation in Venus/ECFP intensity ratio for live COS cells coexpressing YCAM 3.6 and
the three PLC isoforms, or YCAM 3.6 alone, when stimulated with EGF.

Since calcium fluxes can be triggered by a number of different mechanisms in response to
EGF stimulation, one must proceed with caution in interpreting the above data. One point is
clear however - these experiments highlight the potential of dual channel imaging of YCAM
for discriminating calcium signals associated with PLC expression. A key finding from these
experiments is the difference in signals seen between cells cotransfected with PLCy or PLCe
and those expressing the YCAM construct alone. This suggests the observed increase in
cytosolic calcium levels does follow as a direct consequence of the coexpression of PLCs.
This conjecture would also seem to be confirmed by the difference in response to EGF of the
PLCe and PLCy isoforms, compared to PLCP (unlike PLCe and PLCy, the regulatory

domains of PLCP are not believed to function downstream of the EGF receptor).

In summary, these experiments demonstrate that dual channel intensity imaging of cell
populations expressing YCAM offers a robust method for monitoring calcium flux with high
spatial and temporal resolution, and one which can be used to report on specific responses in

cells coexpressing different PLC isozymes.

7.4. Extension to multiplexed FRET

The data in section 7.3.2 confirmed that the YCAM 3.6 FRET probe could be used
successfully to assay calcium fluxes associated with over-expressed PLC enzymes. With this
outcome established, we proceeded to develop an additional FRET sensor to report on Ras
activation in combination with the YCAM sensor. In what follows, we discuss the technical

challenges this presented, and how this outcome was successfully achieved.
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7.4.1. FRET Sensors for imaging Ras activity in live cells

A number of sensors have been developed to image Ras activation in cells, although to date
these have all been used in isolation (i.e. without additional signal components also being
imaged). The basic strategy is that discussed in Chapters 5 and 6. The Ras protein is fused to
a suitable fluorophore and coexpressed with a fluorescently labelled Raf-RBD, such that
upon activation of Ras, the two proteins will couple together and FRET will occur between
the two. These proteins may be expressed as separate constructs [152, 153], or alternatively
as a single intramolecular FRET sensor, as that developed by Mochizuki et al [181] (Figure
7.5). Named ‘Raichu’, for ‘Ras Interacting Chimeric Unit’, this sensor is similar to the
cameleon probe and comprises a single construct in which the Ras protein and Raf RBD are

covalently linked by a peptide sequence.
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Figure 7.5: FRET probes for sensing Ras activation. Left: The Raichu intramolecular FRET sensor
designed by Miyawaki et al [181]. Right: An intermolecular FRET sensor consisting of separately
labelled Ras and Raf constructs. (Note that the domain labelled Raf here refers only to the Ras
binding domain of Raf Kinase and not the full length protein).

Although both kinds of sensor comprise the same components, there are important
differences between them. The Raichu was originally designed as a biosensor to report on
endogenous Ras activity; since each Ras molecule is covalently bound to a Raf RBD there is
little chance of the exogenous Ras interacting with other cellular components. Instead, the
observed FRET signal can be considered an indicator of proximity to Ras GEFs and GAPs.
The intermolecular FRET pair, on the other hand, provides a readout of exogenously

expressed Ras activity.
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From an imaging perspective, Raichu probes have the advantage of an equal donor/acceptor
stoichiometry. Assuming the acceptor has sufficient quantum yield, one can therefore detect
FRET by simple ratiometric imaging of donor/acceptor intensities. For the case of separately
expressed constructs, one must either revert to lifetime measurements or perform intensity
calibration measurements in order to eliminate artefacts arising from different
donor/acceptor concentrations. This method does however provide a higher dynamic range
compared to the single molecule probes, since the latter may sustain a residual FRET signal

even in the inactive conformation. These points are summarised in Table 7.1 below:

Intramolecular FRET sensor Intermolecular FRET sensor

(Raichu-Ras)

compromised by FRET in the
inactive state of the probe

Advantages e Both fluorophores are e High dynamic range in FRET
contained within a single signal: FRET will only occur
plasmid — no problems of co- upon Ras activation
expression

¢ Should not interfere with
endogenous signaling
Disadvantages Dynamic range may be Need to coexpress multiple

plasmids within same cell
Over-expression of Ras may

influence cell behaviour

¢ In addition to endogenous
GEF activity, FRET read-out
may also be affected by
relative expression levels of
two species

Table 7.1: Advantages and disadvantages of intramolecular (Raichu)
sensors and intermolecular FRET probes for imaging Ras activity.

In the first instance, it was decided to base the design for the second FRET sensor around a
single molecule Raichu construct. This would have the advantage of only requiring one
construct to be coexpressed as well as avoiding the issue of balancing the concentrations of

donor and acceptor, as in the case of intermolecular FRET.
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7.5. Choice of second FRET pair for the Ras sensor

Recent developments have led to an increased number of fluorescent proteins towards the
red end of the visible spectrum. In 2004, Shaner et a/ published a landmark paper in which
an entire array of novel fluorescent proteins spanning the visible spectrum from yellow to
red had been produced and sequenced [21]. Around this time an additional red shifted
fluorescent protein, mPlum, was also developed in the same laboratory [182]. The spectra of
proteins that were available at the beginning of these experiments are shown in Figure 7.6

below.
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Figure 7.6: Absorption and emission spectra of visible fluorescent proteins.
7.5.1. Considerations for fluorophores
In choosing a pair of fluorophores for the second FRET sensor, a number of criteria must be
satisfied. These mostly concern the need to avoid cross talk between the different spectral
channels used to image the two FRET pairs. The following list highlights some of these

points. Note that the first two points are true of any FRET scenario, the last two reflect extra

considerations which arise when imaging the FRET pair alongside the YCAM sensor.
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a) The overlap between the excitation spectra of the second donor and that of the
second acceptor should be as small as possible, in order to minimise direct excitation
of this acceptor. In practice, since most orange and red proteins exhibit a tail in their
absorption spectra towards shorter wavelengths, some degree of direct acceptor
excitation will be inevitable.

b) The second donor and acceptor pair must possess adequate spectral overlap for
FRET to occur between them whilst not giving rise to spectral cross talk - one must
avoid acceptor emission contaminating the donor filter channel, and vice versa.

¢) The donor and acceptor emission spectra should be distinct from the emission
spectrum of Venus in order to avoid spectral contamination of the second FRET pair
by this fluorophore.

d) The donor excitation spectrum should be spectrally distinct from that of Venus to
prevent coexcitation (and subsequent photobleaching) of the Venus fluorophore

when imaging the second donor.

In addition to spectral considerations, the choice of proteins will also be affected by other
criteria. Some of these will be common to both the donor and acceptor (quantum yields,
photostability, maturation time), whilst others will be specific to one or the other (donor
fluorescence lifetime, acceptor absorption coefficient). One point to mention is that different
criteria may vary in importance depending on the means used to image the FRET signal. For
example in a spectral ratiometric sensor it is vital that the acceptor have a high quantum
yield in order to maximise the signal from sensitised emission. This is not necessary in
FLIM-FRET where only the donor fluorescence is recorded. Indeed, in such a case it may
often be that a low quantum yield acceptor is preferable to avoid bleed-through artefacts into
the donor channel. For FLIM-FRET measurements it is also preferable for the donor to
exhibit a mono-exponential decay profile, whereas this is inconsequential for measurements
based solely on intensity. Obviously, no single pair of fluorophores will optimally fulfil all
of these criteria — the task is therefore one of identifying a pair that can be imaged with

sufficient signal to noise when all of these possible limitations are taken into account.

7.5.2. Choice of donor for the second FRET pair

The choice of a suitable donor for the second FRET pair will be largely determined by its
brightness and spectral separation from the Venus fluorophore in the YCAM probe. A glance

at the spectra in Figure 7.6 suggests an orange/red spectral variant could be a suitable donor,
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whilst one of the longer red emitters (mCherry, mPlum etc) could act as the second acceptor.

Table 7.2 below summarise the prospective choices for the donor in the second FRET pair.

Donor Advantages Disadvantages
mOrange High quantum yield Low photostability
Long fluorescence lifetime Large spectral overlap with
(2.7 ns) Venus
Large spectral overlap with Long maturation time
potential acceptors mCherry,
mPlum
mKO High quantum yield Large spectral overlap with
Very long fluorescence lifetime Venus
(3.5 ns) Will undergo photoconversion to
Exceptional photostability green emitter under short
Large spectral overlap with wavelength excitation (<500 nm)
potential acceptors mCherry, Long maturation time
mPlum
mRFP Larger spectral separation from Poor photostability
Venus spectral channel Low brightness (particularly,
quantum yield)
Short fluorescence lifetime (<2
ns)
DsRed Larger spectral separation from Forms oligomers
Venus spectral channel Long maturation time
Multiple spectral components
(matures through an initial green
emissive state)

Table 7.2 Advantages and disadvantages of prospective
donors for second FRET pair in multiplexed FRET.

From the left hand column of Table 7.2, mKO would seem to offer the best choice for the
second donor, having good photostability, quantum yield and long fluorescence lifetime
[183]. Unfortunately, a recent finding by Goedhart et a/ showed that mKO can undergo
photoconversion to a green emitting state, following prolonged excitation at wavelengths
below 500 nm [184]. While this does not preclude its use as a FRET donor is its own right, it
renders it unsuitable for multiplexed FRET experiments where one would also need to
illuminate the sample at shorter wavelengths in order to excite the ECFP donor. Of the two
red fluorescent proteins, mRFP lacks sufficient brightness to act as a donor, whilst DsRed
can be disqualified on the basis of its tetramerisation and issues concerning its maturation.

For these reasons, the remaining orange fluorophore, mOrange was deemed the best choice.
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7.5.3. Choice of acceptor for the second FRET pair

Choice of a suitable acceptor follows a slightly different set of criteria to the donor. One
factor to consider is the size of the absorption coefficient, although the minimal difference in
FRET efficiency between mRFP and mCherry as acceptors (see Chapter 3) suggests that a
lower absorption coefficient should not necessarily be used to discriminate against a protein

if it has other beneficial features.

Looking back at Figure 7.6, three possible candidates for pairing with the mOrange donor
arise: mCherry, mPlum and HcRed. Of these 3, mCherry is the brightest and has the largest
absorption coefficient. Each of the three has a similar absorption spectrum, meaning the
overlap between the donor emission and acceptor absorption spectra will be approximately
the same in all three cases. The larger stokes shift of mPlum and HcRed is certainly an
advantage, since this will allow one to choose a donor emission band further removed from
Venus, without detecting fluorescence from the second acceptor in this same channel.

HcRed, however does have a tendency to dimerise [185].

In 2007, Goedhart et al published a comparison of FRET efficiencies between different pairs
of yellow/orange donors and red acceptors [184]. Of those tested, mKO-mCherry was
reported as having the highest dynamic range, followed by mOrange-mCherry. This report
did not, however, mention use of either mPlum or HcRed as an acceptor, leaving it unclear
as to what sort of dynamic range might be obtained using these two fluorophores. As a first
choice, therefore, we chose to investigate the combination mOrange/mCherry for the second

FRET pair.

Using the original Raichu construct designed by Mochizuki et a/ as a template, a novel
Raichu construct labelled with the mOrange/mCherry FRET pair was cloned by Dr. W.

Zhang at the Institute of Cancer Research.
7.6. Imaging the second FRET pair

Having chosen the fluorophores mOrange and mCherry, an important question arose over
how best to image FRET between this pair. For the YCAM 3.6 construct, spectral ratiometric
imaging is both suitable and straightforward, mainly because of the broad spectral separation
between the ECFP and Venus emission spectra and also the high brightness of Venus which

ensures a strong signal from sensitised emission. In common with YCAM 3.6, the Raichu
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construct has the benefit of equal stoichiometries of donor and acceptor and so fulfils one
criterion for ratiometric imaging. Nonetheless, such an approach is problematic for other

reasons discussed below.

Absorption Emission
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Figure 7.7: Absorption and emission spectra for ECFP/Venus and mOrange/mCherry FRET pairs.
The absorption spectra have been normalised to the respective absorption coefficient of each
fluorophore and the emission spectra normalised to their respective quantum yields. The vertical lines
in the absorption spectra indicate possible choices for the excitation wavelength. The shaded regions
in the emission spectra are suggested filters for dual channel intensity measurements.

Figure 7.7 highlights the difference in spectral properties of the two FRET pairs ECFP /
Venus and mOrange / mCherry. Note in particular the separation between the two peaks in
the emission spectrum for ECFP and Venus. If we now compare this with the mOrange /
mCherry pair, we see a different situation. In this case, the low quantum yield of mCherry
means that any sensitised emission from this fluorophore will occur against a relatively high
noise background. A second issue is the possibility of acceptor (mCherry) fluorescence being
detected in the donor (mOrange) filter channel. In most FRET experiments, this should be
easy to avoid by choosing a shorter wavelength filter which cuts off before the emission
spectrum of the acceptor begins (as is shown here for the ECFP / Venus pair). In the context
of multiplexing, however, the overlap in emission and absorption spectra of Venus and
mOrange necessitates using a longer wavelength filter set for imaging mOrange, to avoid
yellow fluorescence contaminating the signal. Unfortunately, this runs into the problem of

collecting mCherry fluorescence in this donor channel.
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The above factors indicate that ratiometric measurements of FRET between mOrange /
mCherry could offer a substantially lower dynamic range than ECFP / Venus. It was not
known at this time whether lifetime measurements might offer an improved dynamic range.
Nonetheless, based on relative quantum yields and spectra, the fractional contribution of
mCherry fluorescence to this channel could be estimated to be much less than that from
mOrange fluorescence. It was therefore posited that lifetime imaging of the mOrange donor

would provide a useful measure of FRET between these species.

7.6.1. Fluorescence lifetime analysis of mOrange-Raichu-Cherry

As a first step towards evaluating the mOrange / mCherry Raichu’s potential for multiplexed
studies, we expressed the probe in COS cells by lipofection, and compared the lifetime of
cells expressing the probe with those expressing the mOrange donor only. To check for
FRET in the Raichu probe, cells were serum starved overnight, then imaged on the
microscope following stimulation with 150 ngml" EGF. Figure 7.8 shows representative
images of these cells. Cells were excited using a supercontinuum source from Fianium,
which was spectrally filtered to provide excitation light in the wavelength band 530-557 nm,

with an emission filter at 563-603 nm.
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Figure 7.8: Fluorescence lifetime images of mOrange (top row) and mOrange-Raichu-mCherry
(bottom row) in COS cells stimulated by EGF. Images on the right are the lifetime maps merged with
the intensity image. Inset: Illustration of the mOrange-Raichu-mCherry probe. (Scale bar = 10 um)
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In comparing the FLIM maps of the mOrange/mCherry construct to that of mOrange alone, a
clear shortening of lifetime (~ 1.2 ns) was evident. Whilst part of this fall in lifetime may
have been accounted for by FRET between the two fluorophores, the size of the shift
suggested additional factors besides FRET might be involved. In particular, the question
arose as to what extent fluorescence from mCherry might be contaminating the mOrange
spectral channel. To examine this, cells expressing the mOrange-Raichu-mCherry construct
were imaged using a second filter set (F2) which was selected so as to minimise detection of
mCherry fluorescence. Lifetimes measured using this filter set (F2) were then compared to
those measured using the original filter set (F1). The spectral bands for the two filter sets are

shown in Figure 7.9 and Table 7.3.
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Figure 7.9: Absorption and emission spectra of Venus, mOrange and mCherry, with the spectral
bands used in Filter set 1 (left column) and set 2 (right column) shown in the shaded regions. The

dotted lines indicate the dichroic cut-off wavelength in the two cases.

Filter set Excitation band / nm Dichroic cut off Emission band / nm
F1 542/27 560 580/30
F2 525/22 545 565/22

Table 7.3: Pass bands for two filter sets used to image mOrange-Raichu-mCherry.
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Figure 7.10: Fluorescence intensity and lifetime images of mOrange-Raichu-mCherry expressed in
MDCK cells, imaged using the two filter sets F1 (top row) and F2 (bottom row). Scale bar = 10 um.
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Figure 7.11: Lifetime histograms for the images in Figure 7.10 above.

The images in Figure 7.10 show a pronounced difference in lifetime between the two filter
sets. This does indeed confirm that it is not just mOrange fluorescence that is contributing to
the lifetime decay measured using filter set F1 (in the absence of other spectral components

the lifetime would not vary to the extent it does when using the second filter set). In Figure
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7.11, the histogram for the second, longer emission channel in F2 shows a mean lifetime of
1.4 ns, equivalent to that reported for mCherry alone [186]. This suggests that the signal in
this channel is almost entirely mCherry fluorescence. The lifetime measured using the
second filter set (which should reject most of the mCherry fluorescence) also seems to
confirm this - this lifetime is closer to that of mOrange expressed by itself, while the smaller
shift could be a genuine sign of FRET between mOrange and mCherry. These findings cast
doubt on the original assumption that mCherry fluorescence would be low compared to the
signal from mOrange, given the difference in quantum yield between the two. The
comparative weakness of mOrange fluorescence might be explained by incomplete
maturation — this would also explain the much weaker fluorescence signal detected when
using filter set F2, despite collecting fluorescence nearer the emission peak of mOrange and

the broader width of the lifetime histogram in this case.
7.7. Effects of spectral bleed-through on measured lifetimes

The data in section 7.6.1 show that in using a shorter wavelength filter channel, one can
negate the effects of mCherry fluorescence being detected in the mOrange spectral channel.
These results do not, however, take into consideration possible contamination by Venus, as
was alluded to earlier. Taken together, these findings begin to suggest that the mOrange /
mCherry pair lack the spectral bandwidth for multiplexing with ECFP and Venus.

To confirm this, we examined the extent to which the lifetime measured in the mOrange
spectral channel varied when mOrange was coexpressed with either YCAM or mCherry
constructs, and imaged using the two filter sets F1 and F2. Using constructs available in the
lab, cells were cotransfected with either mOrange and YCAM, or mOrange and mCherry.
Cells were left for 36 hrs in order to ensure maximum maturation of the respective
fluorophores. Following this, cells were imaged on a wide-field microscope using the two
filter sets F1 and F2, with laser excitation supplied by the same supercontinuum source
discussed in the previous chapter. The mean lifetime in each image was measured and the
data from a series of 15 images compiled in the box plot in Figure 7.12 below. Since none of
these constructs should undergo FRET with one another, any deviation in mean lifetime

would reflect a systematic error arising from spectral cross talk.
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Figure 7.12: Box plot showing the distribution of mean lifetimes in the mOrange spectral channel,
when imaging cells expressing different combinations of mOrange, YCAM and mCherry with the two
filter sets F1 and F2.

The results shown above highlight the limited spectral bandwidth available when using
mOrange and mCherry as a second FRET pair. The broad overlap in absorption and emission
spectra means that a significant amount of spectral bleed-through is inevitable, either from
Venus emission (if short wavelength filters are used) or mCherry (where more red-shifted
filters are used). Piljic and Schultz, who in the time since then have published a dual FRET
result using these FRET pairs have themselves pointed out the need to extend the excitation
of mOrange to 565 nm to avoid excitation of EYFP, with a compromise made in terms of
mCherry excitation [187]. In this case, the change in FRET upon conformational change
could be detected above the cross talk between mOrange and mCherry, however it is
arguable that this will only be true in certain sensors with particularly high dynamic range.
More generally, it is likely that this bleed-through would present too high a noise
background to measure genuine ratiometric changes in intensity arising from FRET, with

lifetime measurements similarly compromised.
7.8. Increasing the spectral bandwidth for multiplexing

Following on from this discussion, the obvious step would be to obtain fluorophores with

greater spectral separation. One possibility for expanding the spectral gap between pairs
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might be to replace the ECFP / Venus pair with a shorter wavelength excited pair, such as
blue fluorescent protein with an EGFP acceptor, as demonstrated by Mahajan et a/ [188].
This would then allow one to excite and detect the mOrange donor at shorter wavelengths,
without encountering the issue of Venus fluorescence being detected in the same channel.
This approach would be unfavourable for two reasons, however. First, moving to shorter
wavelengths would require excitation in the UV region of the spectrum, with accompanying
issues of cell viability and background autofluorescence. Secondly, this would necessitate re-
labelling of the cameleon probe, which could in turn reduce the probe’s dynamic range.

Instead, we chose to expand the spectral separation by use of further red-shifted FRET pairs.

During the time this second FRET sensor was under development, several new red
fluorescent proteins had become available. Of particular note was the publication in July
2007 of two novel far red emitting species, a dimeric form named Katushka, and a
monomeric alternative mKate [189]. The properties of these and other possible acceptors are

summarised in Table 7.4 below.

Protein Excitation | Emission Quantum Extinction Brightness
maximum | maximum yield coefficient | (relative to EGFP)
/ nm / nm /M'em™
mCherry 587 615 0.22 72000 0.48
mRaspberry 598 625 0.15 86000 0.39
Katushka 588 635 0.34 65000 0.67
mKate 588 635 0.33 45000 0.45
mPlum 590 649 0.10 41000 0.12
HcRed 594 649 0.05 70000 0.10

Table 7.4 Spectral properties of far-red emitting fluorescent proteins.

Of those proteins listed in Table 7.4, mCherry has already been discussed and dismissed on
grounds of its spectral overlap with the mOrange donor. The monomeric protein
mRaspberry, having been developed by evolutionary mutagenesis at the same time as
mCherry possesses a slightly further red-shifted emission, nonetheless, the same problem of

detecting its fluorescence in the mOrange channel may still occur.

Katuskha was designed primarily for in-vivo imaging, being particularly bright and
possessing an emission spectrum which coincides with the optical window for efficient
transmission through tissue. As the brightest of all the variants, it might serve as a possible
candidate for ratiometric FRET measurements with mOrange, although issues could arise

from its dimerisation. Its derivative, mKate, while not as bright is nonetheless monomeric
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and may therefore present a more favourable alternative. The last two proteins in the table,
mPlum and HcRed afford the greatest spectral separation from mOrange. Although the low
brightness of these proteins precludes their use as acceptors for ratiometric FRET
measurements, FRET between mOrange and either one of these should still be possible using
lifetime imaging of the mOrange donor. Although HcRed has a higher absorption

coefficient, its tendency to dimerise makes mPlum a more suitable choice for cell imaging.

On the basis of these arguments, it was decided to use mPlum as the acceptor in the second
FRET pair with the mOrange donor. This in turn would necessitate using FLIM to image
FRET between this pair of proteins, since the signal from sensitised emission of mPlum
would likely be too low to achieve sufficient signal to noise. It is interesting to speculate
whether the same might not be true of an mOrange / mKate pair, in which the enhanced
brightness of mKate might permit ratiometric measurements to be utilised. This pair might
therefore offer a second valid alternative to mOrange / mCherry. Ultimately, however, the
need to maximise the spectral bandwidth meant choosing the pairing of mOrange with

mPlum, the latter having the furthest red-shifted emission of all available proteins.

7.9. Comparing spectral bleed-through of mPlum with mCherry
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Figure 7.13: Absorption and emission spectra of Venus, mOrange and mPlum with the spectral bands
used to excite and detect shown in the shaded regions. The dotted lines indicate the dichroic cut-off-
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Having already encountered the issue of spectral contamination by mCherry in the first
Raichu probe, we sought to evaluate whether mPlum could offer a better option. In order to
confirm that mPlum did not contaminate the mOrange spectral channel, we measured the
lifetimes of cells expressing both these proteins and observed whether or not these were
impacted by fluorescence from mPlum. Figure 7.13 shows the spectra and filter set used.
Note that the longer emission of mPlum fluorescence enabled us to use a longer emission
filter for the mOrange channel, preventing the detection of Venus fluorescence in the same
spectral window. Cells were cotransfected with plasmids encoding the mOrange and mPlum
fluorophores and were imaged using a 542/22 excitation filter, S60LP dichroic and 593/40
emission filter. The mean lifetime from a number of cells was calculated and compared to
that from cells expressing mOrange alone. To validate this as a suitable pair for
multiplexing, cells coexpressing the YCAM plasmid were also imaged. Figure 7.14 shows
the compiled data for each combination of flurophores when using this filter set. The data set

for mCherry / mOrange is also shown for comparison.
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Figure 7.14: Box plot showing distributions of mean lifetime in cells expressing different
combinations of mOrange, YCAM and mPlum.

These results suggested that by using mPlum instead of mCherry, the mOrange fluorescence
could be successfully resolved in the longer wavelength channel without incurring issues of
bleed-through of the acceptor fluorescence. Following this, a second Raichu construct was

cloned by Dr. Zhang, this time replacing mCherry with mPlum.
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7.10. Imaging the mOrange-Raichu-mPlum construct

To assay the new Raichu construct for FRET between mOrange and mPlum, COS cells were
transfected with the Raichu plasmid and serum starved for 24 hrs. Following this, cells were
stimulated for different periods with EGF and fixed in paraformaldehyde, before being
imaged on the microscope. Representative images and lifetime histograms are shown in

Figures 7.15 and 7.16 respectively.
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Figure 7.15: Fluorescence lifetime images of mOrange and mOrange-Raichu-mPlum in COS cells.
Top row: FLIM map and intensity merged image of mOrange. Middle and bottom rows: FLIM maps
and intensity merged images of mOrange-Raichu-mPlum fixed after different periods of stimulation by
EGF. (Scale bars = 10 yum).

The results show that the mOrange-mPlum pair does function as an efficient FRET pair, with
cells showing consistently short lifetimes. This alleviated concerns that the low absorption
coefficient of mPlum would render it a poor acceptor for mOrange compared to mCherry.
Unfortunately, it was found that in the vast majority of cells this signal remained constant
prior to and after stimulation, suggesting a low dynamic range in FRET signal. This could be

explained by one or two different reasons: firstly, that the probe’s conformation in both its
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active and inactive forms was such that efficient FRET could occur between the two
fluorophores. Alternatively, that the probe had folded in such a way that it could not be
activated or deactivated (i.e. was in one permanent conformation with a constant FRET
signal). The folding of the Raichu construct is a complex process and could be highly
sensitive to slight changes in primary sequence. It is possible that in redesigning this probe,
the Ras domain had become occluded from endogenous GEF activity, leaving it in an

unaltered conformation upon cell stimulation.
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Figure 7.16: Fluorescence lifetime histograms from cells expressing mOrange, and mOrange-Raichu-
mPlum stimulated for different periods with EGF.

In summary, these measurements marked a partial success: a probe had been designed with
measurable FRET signal, which could be spectrally resolved from the cameleon FRET pair.
Nonetheless, the lack of any change in FRET signal upon cell stimulation argued that further
engineering of the linker sequences would be required before this could be developed into a

second viable FRET biosensor.
7.11. Use of separately labelled constructs

The problem of low dynamic range in the mOrange-Raichu-mPlum FRET sensor is not

uncommon in developing such probes. There are a number of ways this problem can be

136



addressed, usually involving extended trialling of mutant versions of the probe with different
linker lengths between domains and the introduction of different circular permutations of the
fluorescent labels with change in fluorophore orientation and resultant FRET signal. Such
methods are quite time intensive, however, and rely on a high throughput strategy for first
cloning and then monitoring the different mutants’ behaviour. The decision was therefore
made to opt for an intermolecular sensor consisting of isolated Raf RBD and H-Ras.
Although this would mean expressing 3 plasmids (or possibly 4 if PLC was also to be used)
within the same cell and would therefore necessitate all experiments be carried out using
microinjection, the possibility for increasing the dynamic range in the second FRET sensor

made this worthwhile.
7.12. TagRFP: An alternative donor for the second pair

The data in section 7.9 had shown that mOrange fluorescence could be successfully resolved
from YCAM 3.6 and mPlum provided one used the correct filter combinations. The caveat
associated with this was one had to excite and detect the orange fluorescence away from the

respective peaks in absorption and emission spectrum.
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Figure 7.17: Absorption spectra and emission spectra for TagRFP, YCAM and mPlum. Shaded areas
indicate filters used to excite and detect TagRFP fluorescence.
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During the time the constructs discussed above were being characterised, a novel red
fluorescent protein was developed in the lab of Dmitriy Chudakov in Moscow [186]. Named
TagRFP, this fluorophore was subsequently commercialised and made available through
Evrogen. The fluorophore is one of several mutants developed by mutagenesis of an original
clone from the sea anemone Entacmaea quadricolor and possesses an enhanced brightness
and maturation time compared to other proteins in the same spectral range (mRFP, DsRed
etc). TagRFP also has the fortuitous advantage that its absorption and emission spectra peaks
coincide well with the filter combinations chosen to resolve mOrange from Venus and
mPlum (Figure 7.17). This prompted us to replace mOrange with TagRFP as the donor in the
second FRET pair.

7.12.1. Investigating FRET between TagRFP and mPlum

To validate the new red fluorescent donor, cells expressing mixtures of TagRFP / YCAM or
TagRFP / mPlum were imaged on the wide-field FLIM microscope and lifetimes in the
TagRFP spectral channel measured to check for artefacts from spectral bleed-through. The

results are shown in Figure 7.18 below.
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Figure 7.18: Box plot showing distributions of mean lifetime in cells expressing different
combinations of TagRFP, YCAM and mPlum.
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The data in Figure 7.18 show that TagRFP fluorescence can be successfully resolved with
minimal bleed-through from either mPlum or YCAM. Following this, constructs of TagRFP-
Raf-RBD and H-Ras-mPlum were cloned (courtesy, Dr. W. Zhang) and coexpressed in live
cells. These were then stimulated with EGF and imaged on a wide-field FLIM microscope.

Figure 7.19 shows a representative fluorescence lifetime image of TagRFP-Raf-RBD.
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Figure 7.19: Top: Fluorescence lifetime images of TagRFP-Raf-RBD in COS cells coexpressing H-
Ras-mPlum, after 10 mins EGF stimulation. Bottom: Lifetime histograms for the above images, from a
region in the cytosol and the plasma membrane. The lifetime shift at the membrane is evidence of
FRET between TagRFP-Raf-RBD and H-Ras-mPlum. (Scale bar = 10 um)

The large shift in lifetime between the cytosol and the membrane is clear evidence of FRET
and highlights the increased dynamic range of this sensor compared to the single molecule

Raichu probe.
From this, we were able to conclude that the combination of the YCAM 3.6 FRET sensor

with an intermolecular FRET pair of TagRFP labelled Raf-RBD and H-Ras-mPlum could
provide both the necessary spectral bandwidth and dynamic range in FRET signal to
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successfully resolve two, independent signaling events in live cells. This pairing of probes

and the spectral filters used is summarised in Figure 7.20 below.
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Figure 7.20: Top: Final probe selection for multiplexed FRET: An ECFP/Venus YCAM 3.6 cameleon
and TagRFP-Raf-RBD/H-Ras-mPlum intermolecular FRET pair for sensing Ras activation at the
membrane. Bottom: Full absorption and emission spectra showing excitation wavelengths and
spectral detection channels for multiplexed imaging.

7.13. Experimental set-up for multiplexed FRET

The final set up used for multiplexing is shown in Figure 7.21. The system is built around an
inverted Olympus microscope into which are coupled a continuous wave diode pumped solid

state laser for blue excitation of ECFP and a spectrally filtered pulsed supercontinuum source
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used to excite the second donor, TagRFP. The microscope is set up under standard wide-
field illumination, in which the excitation beam is collimated and expanded to fill the
diameter of the tube lens in the back port of the microscope. From here it is focussed into the
back aperture of the microscope objective providing collimated light at the sample with even
illumination across the field of view. To counter interference effects in the image which
might give rise to artefacts, a rotating diffuser wheel is placed in the light path to disrupt the

spatial coherence of the laser beam.

TN - “

FLIM donor
excitation filter

Fianium high power
supercontinuum source

488 LP
CW Blue laser

FLIM donor R
emission filter o
CCD GOl Sample
| | 1
| |
FLIM-FRET Dual
Imaging channel ®®
imager LP 500
1 C IFilters
Spectral
ratiometric
FRET
imaging

Figure 7.21: Instrumental set up for multiplexed FRET

Fluorescence from the ECFP and Venus emission is separated from TagRFP emission by the
560LP dichroic and spectrally resolved into two channels as before using the dual channel
imager from Optical Insights. The TagRFP lifetime meanwhile is measured using the same

wide-field gating strategy described in Chapter 6.
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In order to coordinate exposures of the two FRET pairs, a shutter was installed in each laser
excitation path. The acquisition program was updated by Dr. C. B. Talbot so that the shutters
would trigger off the same signals used to start acquisitions on each of the two cameras. In
this way it was possible to ensure that the blue laser only illuminated the sample when
fluorescence from the YCAM 3.6 probe was being read out and similarly the
supercontinuum source only illuminated the sample during FLIM acquisitions of TagRFP. It
is feasible that this could be extended to automatically select the dichroic for each of the two
lasers, however, it was found that this could be done manually without disrupting the

experiment.
7.14. Results of multiplexing

Figure 7.22 shows time-lapse images from a field of view containing cells which were
coinjected with the 4 plasmids: YCAM 3.6, TagRFP-Raf-RBD, H-Ras-mPlum and full
length PLCk.

Following stimulation by EGF, a fast, transient rise in cytosolic calcium levels occurred, as
seen from the increase in intensity ratio between the Venus and ECFP channels in the dual
channel imager. The FLIM images of the TagRFP donor meanwhile showed a sustained
shortening of the donor lifetime at the cell membrane, indicating FRET between this probe
and the membrane bound H-Ras following cell stimulation. Unfortunately, owing to the poor
photostability of the TagRFP donor (which became apparent during the course of these
experiments), only 4 - 5 FLIM images could be acquired before photobleaching rendered the

photon count too small for accurate lifetime determination.

Given the absence of any observed rise in calcium levels in cells which were not coinjected
with the full length PLCe enzyme, it seems reasonable once again to posit a link between the
calcium spike in Figure 7.22 and a heightened PLC activity. At this point, it is not clear
whether this is a direct downstream effect arising from gross release of IP; or arises through
a different mechanism in which the overexpressed PLCeg also has a role to play. Similarly,
the FRET signal between TagRFP-Raf-RBD and H-Ras-mPlum, although indicative of Ras
activation, is not in itself evidence of a link between these other signaling events, but rather a
downstream effect of EGFR phosphorylation. With further experiments, in particular, use of
gene knock-downs or inhibitors, it might become possible to unravel the complex interplay

between calcium signals and Ras activity.
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Figure 7.22: Multiplexed FRET imaging of cells expressing the two FRET sensors and full length
PLCe. Top: Ratiometric images of YCAM acquired using the Dual-View at intervals before and after
stimulation (numbers above indicate time in seconds after cell stimulation with EGF). Middle: FLIM
images and merged intensity images of TagRFP in the same cells, at the time points shown above.
Bottom: Graphs of ECFP and Venus intensity from a region in the cytosol, and TagRFP lifetime from
a region in the cell membrane. (Scale bar = 10 um).
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7.15. Conclusion

This chapter has examined the potential for monitoring multiple key signaling events in live
cells using FRET and has demonstrated how through judicious choice of filter sets,

fluorophores and probe design, such a goal can be achieved.

In the time since this work was undertaken, several approaches to imaging multiple FRET
pairs have been reported in the literature. Ai et al have reported on a method relying on dual
ratiometric imaging of two donor and acceptor pairs [190]. The large spectral overlap of the
existing fluorescent proteins discussed earlier prompted them to design a deep blue excited
fluorescent protein with large stokes shift. This permitted them to excite both a CFP
derivative (mTFP1) and this new protein (mAmetrine) at the same wavelength. The long
stokes shift of the mAmetrine made it possible to resolve the fluorescence from the two
donors in separate channels, together with the sensitised emission from their respective
acceptors (mCitrine and tDtomato) with enhanced signal to noise compared to the mOrange /
mCherry combination. Piljic and Schultz too have published the first report of a multiplexed
experiment, using ratiometric imaging of an ECFP / EYFP and mOrange / mCherry pair
[187]. Although successful, this paper did highlight the spectral bleed-through between the
fluorophores EYFP, mOrange and mCherry as a significant source of noise. That such
experiments were successful no doubt owes much to the groups’ experience in probe design,
which may have helped ensure a large enough change in FRET between active and inactive
conformations to be detected above the noise background. Arguably, though, this might not

be the case in the majority of FRET sensors.

The method put forward in this chapter yields multiple benefits over these other approaches.
It is not compromised by spectral bleed-through to the same extent and the use of FLIM for
at least one of the measurements means it is applicable to intermolecular as well as
intramolecular FRET sensors. The results shown here hold promise for elucidating the role
of calcium signaling in Ras activation and how the spatial and temporal modulation of
calcium concentration give rise to different cellular outputs. This represents an important
step forward in understanding how these events are related in cell signaling processes, and

the role of PLCe in regulating such events.

At the time of writing, a novel mutant of the TagRFP with enhanced photostability has been
described by Shaner et al [25] — this holds promise for increasing the rate and number of
exposures possible in a multiplexed experiment. In addition, a novel Yokogawa confocal

scan head has also recently become available with the ability for fast automated switching
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between different fluorescent dichroics. In future, this should enable one to perform similar

experiments with the benefits of optical sectioning, as discussed in Chapter 6.

145



Chapter 8: Conclusions

8.0. Chapter overview

In the past several years, Forster Resonance Energy Transfer (FRET) has become a sought-
after method for studying cell signaling and function. The information afforded by FRET
measurements is particularly valuable since it is one of the few methods by which molecular
interactions can be verified in the context of the intact cell. In this thesis, we have focused on
the development of new microscopy tools and fluorescent probes in order to expand the
potential of FRET for exploring different aspects of cell signaling. Although much of this
work is related to signal pathways involving Ras small GTP-ases, the conclusions drawn
from it extend to the study of signal pathways in general. The main findings of this work and

possible future directions are discussed below.
8.1. Results summary and discussion

A key theme of this thesis has been the design and characterisation of new tools for imaging
FRET in live cells. Using a combination of wide-field time-gated fluorescence lifetime
imaging technology, a Nipkow spinning disc confocal scan head and a high power
supercontinuum source, we have been able to image protein activation in live cells at frame
rates far exceeding those possible with commercially available time correlated single photon
counting confocal microscopes. Comparisons of the signal-to-noise of FLIM images
obtained using these different approaches yielded a favourable outcome for the wide-field
time-gated system, which in the presence of sufficiently bright samples can achieve FLIM-
FRET frame rates of 10 Hz, adequately distinguishing lifetimes in cells expressing EGFP
alone and those expressing an EGFP-mRFP tethered construct. Refinements in
supercontinuum sources, should, it is envisaged allow for higher power outputs, with
potential for even faster imaging of cell signaling events. This system should continue to
provide opportunities for probing interactions in live cells, with additional applications in

high throughput imaging for screening drug candidates.
This theme extended to the design and implementation of a ‘multiplexed FRET’” microscope,

capable of monitoring FRET signals from two, independent FRET sensors expressed within

the same cell. The ability to resolve interactions between multiple cellular species, and the
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respective timing and spatial organisation of these events should help to uncover the

mechanisms involved in complex signaling networks.

A second key theme of this work has been the evaluation of different fluorescent protein
pairs for FRET. In early work, we examined using EGFP as a donor with several recently
available red fluorescent proteins. Fluorescence lifetime measurements of constructs fusing
EGFP to one of the orange/red fluorophores, mRFP, mCherry and mOrange, showed that
both EGFP-mRFP and EGFP-mCherry could provide a robust FRET signal, while the
EGFP-mOrange combination had a far more limited dynamic range. It should be noted that,
at the time these constructs were made, only the EGFP-mRFP pair had been used and
reported in the literature - the measurement of FRET in the EGFP-mCherry construct was
therefore one of the first demonstrations of this FRET pair. The identification of suitable
FRET pairs for imaging was key to the work on multiplexed FRET, for which it was
necessary to maximise the available spectral bandwidth between the two sensors. This was
realised by implementing a further two, previously unreported, FRET pairs -
mOrange/mPlum and TagRFP/mPlum. Such pairs should provide new opportunities for

imaging cellular interactions, particularly in the context of multiplexed imaging.

The advances made above, coupled with hardware already available in the lab, have allowed
us to probe interactions associated with Ras and PLCg signal pathways. Using constructs of
Ras fused to mRFP in conjunction with an EGFP labelled PLCg construct, we have been able
to image their direct interaction in a small number of MDCK cells stimulated with EGF. The
infrequency of this occurrence suggests that whilst direct interactions may occur between
Ras and PLCg, they are highly transient and hard to capture unless imaging at very high
speed (a problem exacerbated by typically low expression levels of PLCe). A second
possibility might be that interactions occur through a number of different stages involving
conformational changes in the complex, with the probes only being suitably orientated for
FRET during one, short-lived stage of the process. Some evidence for this has been given by
the observation of a sustained FRET signal seen when H-Ras-mRFP was coexpressed with
the isolated RA2 domain from PLCe (as a single protein domain, this would not undergo the
same changes in conformation as the full length protein). It is possible therefore, that in
addition to recruitment of PLCe to the plasma membrane, Ras may also facilitate its

activation through changes in its overall conformation.
Experiments using the multiplexed FRET microscope show further promise for exploring

these proteins’ functionality. Using this system, we have successfully imaged activation of

H-Ras alongside calcium transients following EGF stimulation in live cells, in which

147



untagged full length PLCe was also expressed. This technology holds potential for

elucidating the regulatory mechanisms underlying Ras and PLC activity.

8.2. Future directions

The work in this thesis has contributed to the development of new tools for imaging cell
signaling pathways in live cells. Many opportunities now exist for exploiting these

developments in order to learn more about cell function and behaviour.

With regard to the studies of FRET between PLCe and Ras GTP-ases in Chapter 5, one
possibility might be to investigate using different labelling strategies to maximise the FRET
signal seen during the course of an interaction. In this respect, the FIAsH technology
pioneered in the group of Professor R. Tsien could be worth exploring, since this will
provide opportunities to position the fluorophores at other sites where they may adopt a
closer proximity to one another. Although experiments in live cells are currently limited by
the low fluorescence signal from the rPLCe-EGFP construct, it is conceivable that the
introduction of brighter fluorophores may overcome this limitation. In future, therefore, it
may be possible to revisit using the high speed microscope to capture these transient
interactions with greater temporal resolution. A further avenue of exploration would also be
to look more closely into the posited conformational changes associated with this interaction.
One method might be to design a FRET probe based on PLCg itself. While certainly
challenging, this is not without precedent [191] and would be highly informative in

understanding the mechanism behind Ras mediated activations of this enzyme.

These studies of PLCe and Ras signaling could be further complemented by experiments
using the multiplexed FRET microscope. Having demonstrated the viability of this approach
for imaging signaling events associated with Ras and PLCe activity, thought can now be
given to investigating the temporal dynamics of these signaling events under different
cellular conditions. SiRNA techniques could be employed to examine the changes in
response during knock-out or knock-down of different signaling components. Similarly,
overexpression of the same genes should help elicit further information on the interplay
between these different components. One question that does arise is the ease which these
experiments could be repeated, given the large number of genes that must be co-expressed in
any one cell. Although microinjection has been used successfully throughout this work, it is
likely that such an approach will not provide the necessary throughput for longer term

studies, in which much larger numbers of cells would need to be looked at. For this reason, it
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might be worth returning to the question of designing a long wavelength unimolecular probe
for imaging Ras activity. Reducing the number of individual genes that need to be expressed
could allow experiments to be performed using conventional transfection protocols which

target a much larger number of cells.

Aside from time-lapse imaging of protein-protein interactions, an obvious application for the
high speed microscope will be in the high content screening of multi-well plates. In its
simplest form, this could involve treating the wells in each plate with different drug
compounds and using the FLIM images obtained from each cell to report any changes in
binding between cellular components (the interaction of Ras with its effector Raf RBD is a
case in point). Automation of the microscope will play a large part in this process: stage
scanning functions, auto-focussing and cell-finder capabilities will need to be built in to the
microscope controller software, while gain settings on the GOI will also need to be chosen
depending on the brightness of the current field of view. The same will also apply for image
analysis — image segmentation and auto-fitting routines will need to be employed in order to
dissect the lifetimes in different parts of the cells and so validate the effects of these different
drug compounds. Many of these steps are now currently underway and should continue in

future.

It is clear that there are a large number of possibilities for continuing the work discussed in
this thesis. Any such experiments will of course necessitate the close collaboration of
scientists in different fields of biology, chemistry and physics - a trend that is certainly likely

to continue into the future.
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