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Abstract: Fluorescence lifetime imaging microscopy (FLIM) provides a
promising, robust method of detecting molecular interactions in vivo via
fluorescence / Forster resonance energy transfer (FRET), by monitoring the
variation of donor fluorescence lifetime, which is insensitive to many
artifacts influencing convential intensity-based measurements, e.g.
fluorophore concentration, photobleaching, and spectral bleed-through. As
proof of principle, we demonstrate the capability of a novel picosecond-
resolution FLIM system to detect molecular interactions in a well-
established FRET assay. We then apply the FLIM system to detect the
molecular interaction of a transforming oncogene RhoC with a binding
partner RhoGDly in vivo, which is critical to understand and interfere with
Rho signaling for cancer therapeutics.
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1. Introduction

The ability to rapidly characterize molecular function in vivo would be a fundamental advance
in biology and medicine. Traditional biophysical or biochemical methods, such as affinity
chromatography or co-immunoprecipitation, and more recently, two-hybrid and phage-display
methods have been used to detect molecular interactions in vitro [1-4]. However, many
molecular interactions require integrity of the cell’s metabolic machinery and molecular
transport within the cell, so that they may be undetectable in vitro by techniques which do not
preserve living cells. Moreover, biologically important molecules that exist in more than one
activation state are hard to isolate from the complex in vivo system while preserving the
integrity of their activation cycle. One such molecule, RhoC, has been found to be a
transforming oncogene. RhoC enhances cell motility, angiogenesis, and metastasis when
activated [5-11]. However, the biophysical mechanisms for activation and inhibition of this
oncogene (including detailed molecular associations and cellular localization) are not well
understood in part due to the limitations of traditional biophysical and biochemical methods.

FRET can detect biomolecular interactions with high spatial sensitivity in living cells and
is therefore considered a useful means of studying molecular interactions [12-16]. FRET isa
guantum mechanical process involving the nonradiative transfer of energy between
fluorophores (i.e. donor and acceptor pairs) that occurs when an excited donor molecule
dipole couples to an acceptor molecule [17]. Conditions affecting FRET efficiency include
proximity of the donor-acceptor pair (typicaly 1 to 10 nm), relative orientation, and spectral
overlap between the donor’s emission spectrum and the acceptor’s excitation spectrum, which
has been described mathematically [15, 17, 18]. Based on this physical understanding of
FRET, it is possible to use FRET measurements as extremely sensitive nanoscale “rulers’ by
which specific molecular interactions are detected.

FRET can be observed by monitoring fluorescence emission from either the donor or the
acceptor [13, 15-18]. If the donor is monitored, FRET will lead to a decrease in fluorescence
emission intensity and electronic excited state lifetime of the donor when the acceptor in close
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proximity quenches the donor fluorescence. Conversely, if the acceptor is monitored, FRET
will lead to an increase in fluorescence intensity and lifetime of the acceptor as the excited-
state reaction between donor and acceptor leads to a rise time in the acceptor decay kinetics
[17].

Some pioneering studies on FRET were carried out by intensity-based methods [19].
However, artifacts influencing fluorescence intensity in biological systems were prominent.
These included fluorophore concentration, photobleaching, and sources of optical loss
(absorption and scattering), all of which hamper the correct and reliable interpretation of the
fluorescence intensity of the emission of an acceptor [19, 20]. Moreover, spectral bleed-
through (due to the overlap of the emission spectra of a donor and an acceptor as well as
direct excitation of the acceptor by excitation light for the donor) may lead to false positive
FRET images [19]. To minimize or eliminate some of these artifacts, many methods were
developed to calculate correction factors, but some of these methods are vulnerable to
photobleaching [19, 21]. Nevertheless, most of these methods require extensive calibration
involving imaging of different samples (donor only, acceptor only, donor and acceptor) using
different combinations of filtersfor excitation and emission of donor and acceptor [19, 21].

Compared to fluorescence intensity-based methods, lifetime imaging requires less
calibration and/or correction for fluorophore concentration, photobleaching and other artifacts
that affect intensity measurements [15, 17, 18, 20-23]. Although FRET causes the donor
lifetime to decrease and the acceptor lifetime to increase [17], only the donor lifetime was
monitored in these experiments becalise acceptor emission is contaminated by spectral bleed-
through [15, 17]. FLIM is atechnique that uses fluorophore lifetime rather than fluorescence
intensity for image contrast. First reported in 1989 [24], it has been used to probe the
microenvironments of endogenous and exogenous fluorophores, including pH, dissolved gas
concentration, and molecular interactions [20, 25-31]. It has been employed to detect the
donor lifetime change in the absence vs. presence of the acceptor, as evidence of FRET [15,
16, 19, 21, 23]. However, these methods require specific and often expensive instruments.

We have recently designed and characterized a novel widefield, time-domain
fluorescence lifetime imaging microscopy (FLIM) system developed for picosecond time-
resolved biological imaging [30]. A nitrogen laser pumping a dye laser for UV-visible-NIR
excitation offers a significantly less expensive, wide-field, and importantly for clinical
applications, potentially portable aternative to multi-photon excitation for sub-nanosecond
FLIM imaging of biological samples[30]. The large temporal dynamic range (750 ps— 1 us)
and the 50 ps lifetime discrimination of the system makes it suitable for studying many
endogenous and exogenous fluorophores that may transit through cells[ 20, 22, 32].

In this article, we describe the FLIM system and method for measuring FRET. Then, we
demongtrate the FLIM system’s capability of detecting FRET in a well-established FRET
assay. Finally, we compare lifetime vs. intensity measurements of donor fluorescence,
illustrating the benefit of using lifetime imaging vs. intensity imaging for highly sensitive
FRET detection of key biological molecules.

2. Methods
2.1. FLIM system

A widefield, time-domain FLIM system developed for picosecond biological sensing was
described in detail previousy [30]. The concept behind the time-domain lifetime
determination is illustrated in Fig. 1(a). Briefly, an excitation pulse illuminates a sample and
an image of the fluorescence emission is acquired by an intensified charge-coupled device
(ICCD) camera at a controllable intensifier gate delay tg, with emission intensities integrated
during the gate width At. Fluorescence lifetime images are determined by obtaining
fluorescence intensity images at several gate delays and analyzing the fluorescence intensity
decay on a pixel-by-pixel basis.

Fig. 1(b) shows the schematic of the FLIM system, with some key experimenta
specifications for imaging living cells described below. The excitation source consisted of a
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pulsed nitrogen laser (GL-3300, Photon Technology International, Lawrenceville, NJ)
pumping a dye laser (GL-301, Photon Technology International, Lawrenceville, NJ), with a
wavelength range from UV through near infrared (NIR), depending on the dye used. The
excitation light was delivered via an optical fiber (SFS600/660N, Fiberguide Industries,
Stirling, NJ) to a research-grade, inverted microscope (Axiovert S100 2TV, Zeiss, Germany)
in epi-illumination mode.

A reference pulse split from the excitation light via a beam splitter was sent to an optical
discriminator to generate an electronic pulse, providing a time reference to a picosecond delay
generator (DEL350, Becker & Hickl, Germany). The delay generator output was used to
trigger the gated ICCD camera (Picostar HR, LaVision, Germany). The ICCD had variable
intensifier gain and gate width settings varying from 200 ps to 10 ms. For lifetime data
acquisition, gated images were averaged over 5 laser pulses and showed less than 2% standard
deviation in fluorescence intensity.

intensity  excitation pulse
A

emission

microscope w/
epi-illumination L3> r-----------1---=

SAMPLE
fiber

optic
Aex delay
DC 436:10nm

t 455nm | N
s A | TABEE S
At 480£20 nm L4

time g [ - *

erator

detector gate

(@) (b)

Fig. 1. (8). FLIM concept. The system captures fluorescence intensity image at a time tg after
the excitation pulse over the interval At. Lifetime can be created using intensity images
captured at several different ts. (b) FLIM Setup. Excitation light from a nitrogen laser
pumping a dye laser (UV-visible-NIR) is delivered by an optical fiber to a microscope.
Fluorescence emission is captured by a fast-gated intensified charge-coupled device, which is
triggered by a delay generator, using a timing reference provided by a reference pulse split
from the excitation light with a beam splitter. Abbreviations: CCD = charge-coupled device;
HRI = high rate imager; INT = intensifier; TTL 1/O = TTL input/output card; OD = optical
discriminator; BS = beam splitter; DC = dichroic mirror; FM = “flippable” mirror; L1, L2, L3,
L4 = quartz lenses; M = mirror. Thick solid lines = light path; thin solid line = electronic path.

To create fluorescence lifetime images rapidly, an anaytic least squares lifetime
determination algorithm was used [24, 33, 34]:

T =— N(th)—(zti)z ey
B YT X 0SS

where 1, is the lifetime of pixel p, i, is the intensity of pixel p inimagei, t; is the gate delay
of imagei, and N isthe number of images. All sumsare over i.

The FLIM system’s ability to discriminate between samples with different fluorescence
lifetimes was determined by measuring solutions of the standard sample 1,4-bis(5-
phenyloxazol-2-yl)benzene (POPOP) at different viscosities, produced by varying the ratio of
glycerol to ethanol in the mixture [30, 35]. The measured difference of 0.05+0.03 ns between
the 80%- and 60%-ethanol samples was confirmed to be statistically significant via a
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fluorescence lifetime spectrometer [30, 35]. Therefore, the FLIM system was able to
discriminate lifetime differences at least as small as 50 ps [30, 35], making it more than
sufficiently sensitive to detect lifetime differencesin the following FRET experiments.

2.2. Preparation, imaging, and data analysis of FRET assay in solution

A well-controlled chemical assay - BACEL (B-Secretase) FRET assay (Part # P2985, PanVera
Corporation, Madison, WI) was prepared. The substrate consists of a peptide-linked
fluorescence donor (a rhodamine derivative) and quenching acceptor. The intensity and
lifetime of fluorescence of the donor increase upon enzymatic cleavage because the resonance
energy transfer from the donor to the quenching group is disrupted.

We measured the fluorescence of the BACEL product standard, which corresponds to the
maximum fluorescence intensity and lifetime at the end of the enzymatic reaction, since
product standard represents 100% cleavage of the substrate by the enzyme. We then
measured the BACEL substrate fluorescence, which represents the baseline of fluorescence
intensity and minimum lifetime. Finally, we mixed BACEL substrate, BACE1 enzyme, and
assay buffer, monitoring the change of fluorescence intensity over time and extracting the
lifetime.

All samples above were loaded into capillaries for imaging with a Zeiss Fluar 40X oil-
immersion objective. The excitation wavelength was at 540 nm and the emission was
collected from 570 — 610 nm. Signals were detected with a neutral density filter (O.D.=0.5)
placed after the nitrogen laser, with voltage across the micro-channel plate (MCP) and gate
width of the intensifier set a 700 V and 200 ps, respectively.

Four fluorescence intensity images were used for calculating lifetime images, because a
four-gate protocol was found to yield more consistent fluorescence lifetime vaues for
repeated measurements, whereas two-gate and three-gate protocols were more sensitive to
noise. This is consistent with the results from Monte-Carlo simulations reported in the
literature: detection systems equipped with four to eight time-gates were significantly more
sensitive than the two time-gate system, but only minor sensitivity differences were found
between systems with four or more time-delays [36, 37]. To increase signal-to-noise rétio,
each intensity image was binned 4 by 4. The background noise in each intensity image was
subtracted before calculating the lifetime image. Residual background noise due to pixel-to-
pixel fluctuation is further rejected by setting the intensity value of pixels in the background-
corrected intensity images with fewer than 8 camera counts to zero. Any pixel with lifetime
longer than 5 ns was rgected in creating the lifetime images. The average lifetime was
calculated by averaging the lifetime over all nonzero pixels within a ROl for each sample.

2.3. Maintenance, preparation, and transfection of living cells

Monkey kidney epithelial (CV-1) cells were cultured to 60-75% confluency in MEM
(CellGro, Mediatech Incorporated, Herndon, VA) supplemented with 10% FBS (Gibco,
Invitrogen Corporation, Carlsbad, California) at 37°C under 5% CO,. Twenty-four hours
before transfection, the cells were trypsinized by first washing with HBSS (BioWhittaker,
Cambrex Corporation, East Rutherford, New Jersey) and subsequently adding 1x Trypsin-
EDTA solution (CellGro) supplemented with 0.05% Trypsin (BioWhittaker). Trypsin was
neutralized using the MEM solution before cells were collected. The concentration of cellsin
this collection was determined using a hemocytometer and an appropriate volume was
aiquoted to yield 2x10° cells per transfection. This aliquot was then centrifuged at 1200 rpm
for 4 minutes and the supernatant was removed. The cells were resuspended in MEM (1.5 ml
/ plate) with 10% FBS and were plated evenly in 35-mm Glass-Bottom Microwell Dishes
(MatTek Corporation, Ashland, MA) and incubated for 24 hours at 37°C under 10% CO..

The following day, for each transfection, 6 ul of GeneJammer transfection reagent
(Stratagene, La Jolla, CA) was added (6 pul / ug DNA) to 100 ul of DMEM | Serum-free
medium (Gibco) and allowed to incubate for 10 minutes at room temperature. Following this
incubation, 1.5 pg of the enhanced cyan fluorescent protein (ECFP) fusion plasmids and 2.5
ug of the enhanced yellow fluorescent protein (EYFP) fusion plasmids were added to the
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transfection mix, which was subsequently allowed to incubate for another 10 minutes at room
temperature. After this incubation, the medium from the cells set up on the previous day was
removed and the plates were washed with 1ml of MEM. Following this wash, 900 ul of
MEM was added to each plate and the transfection mix was added to the plate drop-wise in
the microwell. After this, cells were incubated for 3 hours at 37°C under 5% CO, and
subsequently an additional 1 ml of MEM was added before returning the cells to the incubator
where they rested for approximately 24 hours.

Group 1 cells transfected with ECFP-RhoGDIy fusion plasmids, which expressed fusion
proteins of ECFP and RhoGDly, and EYFP plasmids, which expressed proteins of EYFP,
were used as negative controls because no FRET would occur in the absence of RhoC except
for that caused by random collisions between ECFP and EYFP. Group 2 cells transfected
with ECFP-RhoGDIy fusion plasmids and EYFP-RhoC fusion plasmids, which expressed
fusion proteins of EYFP and RhoC, were used to study the interaction between RhoGDIy and
RhoC. Determining the appropriate doses of ECFP and EY FP plasmids required some care.
The quantity of plasmid transfected was kept at 4 pg to prevent significant cell loss. In order
to increase the weak ECFP fluorescence signal, different doses of donor and acceptor fusion
plasmids (donor / acceptor: 1 ug/ 3ug, 1.5 ug/ 2.5 ng, 2 ug/ 2 ug) were used to search for the
optimal dose that resulted in good signals without significant cell loss. Although increasing
the dose of donor fusion plasmid helped to increase donor fluorescence, the effort was
compromised by the decrease in the efficiency of FRET, as FRET was most efficient with a
stoichiometry favoring the interaction of proteins fused to the donor fluorophores with the
proteins fused to the acceptor fluorophores. Based on these considerations, in this system 1.5
ug and 2.5 pg of ECFP and EYFP fusion plasmids were used, respectively. The doses of
plasmids containing ECFP and EY FP used to transfect groups 1 and 2 were kept as constant
as possible, so that any homodimer formation between ECFP molecules which might cause
ECFP lifetime to decrease [38, 39] would be accounted for equally in both groups.

Because another cyan fluorescent protein variant — Cerulean — was reported to have better
spectroscopic properties than ECFP [39], groups of cells were transfected with Cerulean
fusion plasmids substituting ECFP fusion plasmids, under the same conditions as described
above.

2.4. Imaging and data analysis of living cells

The standard MEM was replaced with phenol-red free MEM before imaging to eliminate
background fluorescence. Cells that were not transfected were checked with both ECFP (or
Cerulean) and EYFP filter sets (31044v2 and 41028, Chroma Technology Corporation,
Rockingham, VT) on a Zeiss Axiovert 25 microscope at 10X objective and no
autofluorescence was observed visually. Transfected cells were checked with both ECFP and
EYFP filter sets to ensure the presence of both ECFP and EY FP fluorescence, indicating the
successful transfection of the two types of experimental plasmids into cells. Cells transfected
with plasmids containing EY FP were checked to show no fluorescence when the ECFP filter
set was used. This is important because contamination of donor fluorescence from acceptor
fluorescence would introduce artifacts into this experiment where we seek to detect
fluorescence only from donor fluorophores. Transfection efficiency was about 30%.

Cells were imaged with the FLIM system using a Zeiss Fluar 40X oil-immersion
objective. ECFP (or Cerulean) fluorescence was excited a Ao = 43610 nm using the laser
dye Coumarin 440 and collected at A = 48020 nm. A neutral density filter (ND=0.5) was
placed at the port where the excitation light enters the microscope to prevent photobleaching.
Energy at the sample was about 14 uJ / pulse. Measurements were repeated twice to test
reproducibility of the experiments, which was calculated as the half difference in the mean
values of two immediately consecutive measurements divided by the average of their mean
values. Since different cellsin a sample might not be focused at the same optical plane due to
differences in morphology, intensity-based measurements require adjusting the focus for each
cell. The insensitivity of lifetime measurements to small changes in focus was verified by
intentionally changing the objective slightly, thereby eliminating the need for adjusting the
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focus for each cell during the experiments. All measurements were done within about 15
minutes to ensure that cells were still healthy throughout.

Intensity images of ECFP fluorescence from living cells were taken at four delay gates, for
reasons mentioned under section 2.2. The gate width of the intensifier on the ICCD was set to
the minimal 200 ps, which is considered appropriate for studying fluorophores with lifetimes
around nanoseconds, such as ECFP and Cerulean. Due to the weak signal strength, the MCP
voltage of the intensifier was set at 800 V.

The background noise in each image, measured as the average counts in a region without
cells, were subtracted from the intensity images before calculating the lifetime image.
Residual background noise due to pixel-to-pixel fluctuation is further rejected by setting the
intensity value of pixelsin the background-corrected intensity images below a threshold value
to zero.

In the lifetime images, each cell was analyzed by defining a minimal ROI enclosing the
whole cell. Because background noise was rejected as described above, al the pixels within
this rectangle with nonzero values corresponded to signals from cells. The average lifetime of
a cell was calculated by averaging the lifetime over all nonzero pixels within the rectangle.
An image mask was created by setting the values of those nonzero pixelsto 1 in the lifetime
image. The image mask was then multiplied by the background-corrected fluorescence
intensity image to create the fina intensity image, which only has fluorescence signals a
pixels where there is a meaningful lifetime value. The average intensity of a cell was
calculated by the same method. The mean lifetime and intensity for a group of cells were
calculated as the average of the lifetime and intensity values of al the measured individual
cells in the group. Cells with very weak mean intensities were excluded, as their lifetimes
were heavily skewed by the dominance of noise with intrinsically infinite lifetime. Our
results (data not shown) confirmed that above a certain threshold, there is no dependence of
mean lifetimes on mean intensities.

2.5. Construction and analysis of tagged RhoC and RhoGDI y in biochemical assay

The cDNA clones of RhoGDly, Myc-tagged RhoA, and HA-tagged RhoC in the vector
pcDNA3.1 (Invitrogen Corporation) were purchased from Guthrie cDNA collection
(www.cdna.org). The plasmid pcDNA3.1-Myc-RhoGDIy was constructed as follows: The
RhoGDly gene was released by digesting the cDNA clone with EcoRI (Roche Diagnostics
Corporation, Indianapalis, IN) and Xhol (Roche Diagnostics Corporation). The EcoRI site of
the gene fragment was blunted by Klenow to facilitate cloning. The pcDNA3.1-Myc-RhoA
plasmid was digested with Notl, treated with Klenow, and digested with Xhol to remove the
RhoA gene. The two fragments were ligated overnight at 16°C and transformed into JM109.
The resulting clones were verified by restriction mapping and automated sequencing.

CV-1 cells grown on 150 mm dishes to 50-80% confluency were transfected with the
Myc-RhoGDly plasmid, the HA-RhoC plasmid, or both. Cell lysates were prepared by lysing
the cellsin IP buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1.5 mM MgCI2, 0.5 mM DTT, 20
mM R3-glycerophosphate, 1 mM sodium vanadate, 0.1% Triton X-100, and protease inhibitors)
42 hours post-transfection.  HA-tagged RhoC was immunoprecipitated with the anti-HA
affinity beads (Covance) and subjected to SDS-PAGE electrophoresis. Western analysis of
Myc-tagged RhoGDIy was performed using an anti-Myc antibody (Upstate) at a 1:1500
dilution in 5% milk-TBS-Tween.

3. Results
3.1. Validation of FRET detection in solution via FLIM

The FRET assay in solution (detailed under section 2.2), was used to validate the capability of
the FLIM system of detecting FRET, as illustrated in Fig. 2(a). As shown in Fig. 2(b), the
lifetimes of the substrate before and after cleavage were measured to be 1.79 and 2.45 ns,
respectively. Thisis consistent with the fact that FRET decreases the fluorescence lifetime of
the donor. The 50 ps lifetime discrimination of the FLIM system was adequate for detecting
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the lifetime difference of 660 ps, before and after cleavage of the substrate. Moreover, the
lifetime of the substrate after cleavage (2.45 ns), was confirmed to be similar to the lifetime of
the product standard (2.42 ns), which represents complete cleavage of the substrate by the
enzyme. This demonstrates the FLIM system’s capability of detecting FRET in a well-
controlled system. Because of the wide tunability of the dye laser, the FLIM system could be
adapted to studies of ECFP (or Cerulean) and EY FP pairsin living cells.

FRET

& N

Before Cleavage: <t>=1.79 ns

Donor Acceptor
‘Enzymatic Cleavage

-
v Acceptor
Fluorescence e e

Donor B cilh o sis L LA

After cleavage: <t>=2.45 ns

Lifetime (ns)

(a) ()

Fig. 2. FRET experiment in solution. (a) Concept of a FRET assay used to monitor cleavage of
a peptide substrate consisting of a linked fluorescence donor and a quenching acceptor, (b)
FLIM lifetime images of the donor before cleavage (upper) and after cleavage (lower). The
scale bar represents 50 um.

3.2. Lifetime measurements of intracellular ECFP

To ensure the reliability of the lifetime measurements of intracellular ECFP, several
experiments were performed to verify the insensitivity of lifetime measurements to the effects
of known artifacts, such as photobleaching, difference in plasmid uptake and expression, and
variation in cell morphology.

To test if the experiments were subject to photobleaching, two consecutive measurements
of ECFP fluorescence were taken on living cells to test the reproducibility of the
measurements. The lifetimes of 4 cells transfected with ECFP-RhoGDIy + EYFP and 5 cells
transfected with ECFP-RhoGDIly + EYFP-RhoC were reproducible to 1% and 0.02%,
respectively, for the two measurements. However, the intensities of these two groups were
only reproducible to 7% and 5%, respectively, for the two measurements. Therefore, lifetime
measurements were much less affected by photobleaching than intensity measurements. We
noted that although the intensities of al cells in a group decreased from measurement 1 to 2
due to photobleaching, the lifetimes of some cells in the group increased while those of others
decreased, resulting in the high reproducibility of lifetimes shown above.

To examine the influence of difference in plasmid uptake and expression on measurement
of each individua cell, intensity and lifetime of individual cells were compared. Fig. 3 shows
ECFP fluorescence intensity image (a) and lifetime image (c) of living CV1 cells transfected
with ECFP-RhoGDIy + EYFP-RhoC. The intensity image and the corresponding histogram
(b) show that the distribution of ECFP fluorescence within each individua cell was
heterogeneous. Moreover, cells within a population had different fluorescence intensities.
The lifetime image and the corresponding histogram (d), however, exhibit far smaller
variability: the lifetime of ECFP fluorescence within each cell was more homogeneous that
the intensity. Moreover, cells within a population had similar lifetimes.
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Fig. 3. ECFP fluorescence intensity (&) and lifetime (c) images of living CV1 cells transfected
with ECFP-RhoGDly + EY FP-RhoC. The intensity image and the corresponding histogram (b)
show that the distribution of ECFP fluorescence both within individual cells and within a
population was heterogenous, making it difficult to interpret intensity-based FRET
experiments. The lifetime image and the corresponding histogram (d), however, exhibit far
smaller variability withinindividual cells and within a population, providing a sensitive method
for detecting molecular binding events viaFRET. The scale bar represents 20 pm.

Different cells in a sample might not be focused at the same optical plane due to
differences in morphology, which might require adjusting focus for each cell during intensity-
based measurements. We addressed this problem by intentionally changing the objective
focus dlightly in a controlled experiment to verify the relative insensitivity of lifetime
measurements to small changes in focus. A dlight change in focus caused 2%, 0%, and 6%
variation in ECFP fluorescence lifetime, in contrast to 4%, 3%, and 26% variation in ECFP
fluorescence intensity, for three living cells transfected with ECFP-RhoGDIy + EY FP-RhoC.
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3.3. Detection of molecular interactionsvia FLIM-FRET in living cells

J

<
Plasma
Membrane

EYFP

No FRET

433 nm ‘ 475 nm
4

Fig. 4. Schematic depiction of FRET studies on RhoC and RhoGDly. Interactions between
RhoGDIy and RhoC would cause FRET to occur between fluorescent donor (ECFP) and
fluorescent acceptor (EY FP). Excitation and emission maxima of ECFP and EY FP are labeled.
Lifetime methods monitor the decrease of donor fluorescence lifetime (z) to detect FRET.

Fig. 4 illustrates the experimental design for detecting the potential molecular interaction
between RhoC and RhoGDly via FRET. Since RhoGDly and RhoC were attached to the
FRET donor (ECFP) and acceptor (EYFP), respectively, their interaction would bring the
FRET pair to close proximity. The resulting FRET phenomenon could then be detected with
the FLIM system, because FRET decreases the fluorescence lifetime of the donor.
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Fig. 5. ECFP fluorescence intensity ((a) and (b)) and lifetime ((d) and (€)) images of CV1 cells
transfected with ECFP-RhoGDly + EY FP and ECFP-RhoGDIy + EY FP-RhoC. The intensity
images ((a) and (b)) show large variations in ECFP fluorescence intensity within each cell
population, making it difficult to compare fluorescence intensity between different populations
(c). Thelifetime images of cells transfected with ECFP-RhoGDIy + EY FP-RhoC (€) appeared
redder than cells transfected with ECFP-RhoGDIy + EY FP (d), suggesting that ECFP lifetime
of the former was shorter than that of the latter. Histograms of lifetimes from these two
populations of cells (f) confirmed that the mean lifetime of cells in (€) was shorter than that of
cellsin (d), indicating an interaction between RhoGDIly and RhoC. The scale bar represents 20
pm.

In order to detect the interaction between RhoGDIy and RhoC, two groups of cells (groups
1: transfected with ECFP-RhoGDIy and EY FP; group 2: transfected with ECFP-RhoGDIy and
EYFP-RhoC) were studied, as the FRET between ECFP and EYFP occurring concurrently
with interaction between RhoGDIy and RhoC would cause ECFP fluorescence lifetime in
group 2 to be decreased in comparison with that in group 1. Fig. 5 shows ECFP fluorescence
intensity ((a) and (b)) and lifetime ((d) and (€)) images of CV1 cells transfected with ECFP-
RhoGDly + EYFP and ECFP-RhoGDIy + EYFP-RhoC. The intensity images ((a) and (b))
show large variations in ECFP fluorescence intensity within each cell population, making it
nearly impossible to compare fluorescence intensity between different populations (c). In
contrast, in the lifetime images ((d) and (€)), cells on the right appeared clearly redder than
cells on the left, suggesting that ECFP lifetime of cells transfected with ECFP-RhoGDIy +
EY FP-RhoC was shorter than that of cells transfected with ECFP-RhoGDIy + EYFP. Fig.
5(f) consists of histograms of lifetimes from these two populations of cells: ECFP-RhoGDly +
EYFP (green) and ECFP-RhoGDly + EYFP-RhoC (red). The red histogram is shifted to the
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left of the green histogram, showing that the mean lifetime of cells in Fig. 5(€) was shorter
than that of cellsin Fig. 5(d), and indicating an interaction between RhoGDIy and RhoC.

Fig. 6 shows ECFP intensity (left) and lifetime (right) values of cells transfected with
ECFP (top) and Cerulean (bottom) fusion plasmids. Group 1 (left box plot in (a) and (b))
consisted of 37 cells transfected with ECFP-RhoGDIy and EYFP. This group was used as a
negative control as ho FRET between ECFP and EYFP would have occurred due to the
interaction of RhoGDIly and RhoC. Group 2 (right box plot in (a) and (b)) consisted of 60
cells transfected with ECFP-RhoGDIy + EYFP-RhoC. Groups 3 and 4 (left and right box
plots in both (c) and (d)) consisted of 30 cells transfected with Cerulean-RhoGDly + EY FP
and 60 cells transfected with Cerulean-RhoGDIy + EYFP-RhoC, respectively. The first
quartile, the median, and the third quartile are shown within the boxes and the 10"/90"
percentiles outside the boxes. All the plots are labeled with p-values of the Student’s t-test,
together with the mean intensity or lifetime value and standard deviation for each group of
cells.
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Fig. 6. ECFP intensity (left) and lifetime (right) values of cells transfected with ECFP (top) and
Cerulean (bottom) fusion plasmids. Group 1 (left box plot in (a) and (b)) consisted of 37 cells
transfected with ECFP-RhoGDIy and EY FP. Group 2 (right box plot in (a) and (b)) consisted
of 60 cellstransfected with ECFP-RhoGDly + EY FP-RhoC. Groups 3 and 4 (left and right box
plotsin both (c) and (d)) consisted of 30 cells transfected with Cerulean-RhoGDIy + EY FP and
60 cells transfected with Cerulean-RhoGDIy + EYFP-RhoC, respectively. The first quartile,
the median, and the third quartile are shown within the boxes and the 10th/90th percentiles
outside the boxes. All the plots are labeled with p-values of the Student’ s t-test, together with
the mean intensity or lifetime value and standard deviation for each group of cells. (a) and (c)
Fluorescence intensities suffered from high variation within the cell population. (b) and (d)
The FRET-induced decreases in lifetime (group 2 vs. group 1; group 4 vs. group 3) were
statistically significant (p-value < 0.05)), indicating RhoGDIr-RhoC molecular interaction.
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Fig. 6(a) and 6(c) show large variations of ECFP and Cerulean fluorescence intensity
among cells within groups, making it difficult to interpret intensity-based measurement
without lengthy calibration processes. In addition, the experimental groups often show higher
mean intensities than those of the negative controls, probably due to higher transfection
efficiency of ECFP or Cerulean vectors with weaker competitors in the experimental groups,
since sizes of vectors can affect transfection efficiency [23]. Interaction between RhoGDIy
and RhoC is evidenced by the decrease of ECFP fluorescence lifetime in this experimental
groups (group 2 and group 4), as compared to the corresponding negative control groups
(group 1 and group 3), as shown in [Fig. 6(b) and 6(d)]. The difference in ECFP fluorescence
lifetimeis statistically significant, as confirmed by a Student’ s t-test with a p-value < 0.05.

3.4. Molecular interaction confirmed via biochemical assay

The interaction between RhoGDIly and RhoC was subseguently confirmed using a
biochemical assay. Asshown in Fig. 7, western analysis of the Myc-tagged RhoGDIy protein
using an anti-Myc tag monoclona antibody confirmed expression of the Myc-RhoGDly
protein in CV-1 cells transfected either with the Myc-RhoGDIly plasmid or with the Myc-
RhoGDly and HA-RhoC plasmids. In comparison, CV-1 untransfected and CV-1 transfected
with the HA-RhoC plasmids did not show any signal on the western blot probed with the
antibody. The position of the band reacted to the anti-Myc antibody is located around 28 kDa,
which is the expected size of the Myc-tagged RhoGDIgamma protein (Fig. 7).

Anti-HA affinity beads were used to immunoprecipitate the HA-tagged RhoC and its
binding partners. Western analysis of the immunoprecipitates using the anti-Myc antibody
showed very low levels of the Myc-RhoGDIy protein associated with HA-RhoC from
untransfected cells or from cells transfected with either the HA-RhoC or the Myc-RhoGDly
plasmid (Fig. 7). On the other hand, the HA immunoprecipitate from CV-1 transfected with
both Myc-RhoGDIy and HA-RhoC plasmids gave a very strong signal of the Myc-RhoGDIly
protein (Fig. 7). This result independently demonstrates that RhoC and RhoGDly are able to
interact with each other when they are co-expressed in CV-1 cells, yielding a stable complex
that can be isolated and analyzed by western blot.

wildtype
myc-tagged RhoGDly ' —
HA-tagged RhoC cell lysate

RhoGDly + RhoC .
wildtype
myc-tagged RhoGDly IP with

HA-tagged RhoC Ul

RhoGDly + RhoC ‘

anti-myc

Fig. 7. Biochemical confirmation of RhoC-RhoGDly interaction. |mmunoprecipitation of HA-
tagged RhoC was performed using lysates of CV-1 cells transiently expressing Myc-RhoGDly,
HA-RhoC or both. Untransfected CV-1 (wildtype) was included as a mock control. The
immunoprecipitates (or whole cell lysates) were analyzed by immunoblotting with an anti-Myc
tag antibody. The position of Myc-GDly isindicated.

4, Discussion

Fluorescence lifetime imaging microscopy (FLIM) offers an attractive means of performing
FRET experiments with high spatial-sensitivity for subcellular molecular localization and
binding studies in living cells, because it is independent of fluorophore concentration and
artifacts, such as absorption and scattering, that affect intensity-based measurements [15, 17,
18, 21, 22]. We applied our unique UV-visible-NIR fluorescence microscope with 50 ps
lifetime discrimination to the study of molecular interactions both in solution and of an
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oncogenein living cells using FRET. We demonstrated the capability of our FLIM system to
measure FRET via a well-established FRET assay (Fig. 2).

We then sought to study the interaction between RhoC and RhoGDly (Fig. 4), because
very few reports of RhoC binding specificitiesto RhoGDI exist [40]. Previoudly, it was found
that expression obtaining large amounts of recombinant RhoC protein in E.coli and other
systems results in very low yield, thereby hampering the use of the traditional biochemical
and biophysical methods to study the RhoC function due to difficulties in producing the wild-
type recombinant protein [41]. In this report, we describe the first in vivo application of
FRET to understand the regulation of RhoC activation by studying its binding to RhoGDly in
living cells as a paradigm. Thisisacrucial step for the eventual evaluation of potential drugs
aimed against the tumorigenic functions of RhoC.

FHuorescent proteins (FPs), including enhanced cyan fluorescent protein (ECFP) and
enhanced yellow fluorescence proteins (EY FP), are used as the FRET pair in this study for the
following reasons. First, they are well tolerated by biological systems, as demonstrated by
healthy transgenic mice that express the FPs, making them suitable for experiments in vivo
[42-44]. Second, they have no known intrinsic intracellular targets [45], suggesting they are
unlikely to ater the endogenous hiological functions of the experimental system. However, it
isimportant to note that in some studies, the relatively large size of FPswas found to interfere
with the molecular interactions of interest and cause false negatives [46]. Moreover,
molecules that do not interact directly but become associated with a common partner can still
produce positive FRET results [45]. Hence, as in this study, molecular interactions detected
viaFRET are often validated by other biochemical approaches.

Lifetime measurements of the fluorescence donors were found to be more reproducible,
sensitive, and specific than intensity measurements. Lifetime values are much less likely to
be affected by extraneous technical factors that strongly affect intensity-based measurements,
including photobleaching, difference in plasmid uptake and expression, and slight change in
focus (Fig. 3). Moreover, lifetime measurements of the fluorescence donors do not suffer
from the recently reported problem of photoconversion of the acceptor, YFP, to a CFP-like
species [47], which is encountered in acceptor photobleaching FRET experiments and can
lead to false positives, athough some other published results reported no such
photoconversion under similar conditions, for reasons still under exploration [48, 49]. Hence,
FLIM provides a sensitive method for detecting molecular binding events via FRET.

We detected the molecular interaction between RhoC and RhoGDly, as evidenced by the
decrease in the fluorescence lifetime of the fluorescence donors (Fig. 5 and Fig. 6). The
decrease in the fluorescence lifetime of Cerulean (350 ps) is greater than that of ECFP (190
ps), suggesting Cerulean as a better fluorescence donor because the FRET-induced
fluorescence lifetime decrease of Cerulean would be less likely to be negated by other
experimental variations. However, the 50 ps lifetime discrimination of the FLIM system used
here was sufficient for detecting the lifetime decrease for both ECFP and Cerulean.

The measured lifetime values of the donor are consistent with those reported in the
literature [38], though it is worth noting that measured lifetime values could vary from one
report to another due to difference in FRET efficiency determined by the distance, orientation,
and stoichiometry between interacting molecules as well as differences in instrumentation and
dataanalysis. Inour experience, even though the absolute lifetime values could vary by afew
hundred picoseconds when different thresholds were used in the data analysis, the lifetime
differences between the control and experimental groups always remained similar. Therefore,
only comparison of absolute lifetime values taken with the same system gives meaningful
information.

We noted that there was a distribution in donor lifetime within each group of cells, as
illustrated by Fig. 6(b) and 6(d). This could be attributed to system noise, as well as to small
variations between cells within each group. It is worth noting that in our system, lifetime of
each cell was calculated as a mean value of a lifetime histogram for a ROI that enclosed the
cell and consisted of thousands of pixelsin the lifetime image. Hence, much of the effect of
guantum noise is averaged out, as demonstrated by an example of two fluorescent samples
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which differed only in the concentration: the histogram for a low concentration region was
observed to have a broader distribution than for a high concentration region, but both regions
had the same lifetime, which was calculated as the mean value of the digtribution [30]. Thisis
aso illustrated in Fig. 3, in which the lifetime histograms of the two cells overlapped
significantly despite the distribution of lifetime values within each cell (d).

We recognize that there might be subpopulations of ‘unbound’ donors, which decay at
intrinsic lifetime, and ‘bound’ donors that decay at reduced lifetime due to FRET with the
acceptor, which coexist in cell samples. Future work using multi-exponential models would
allow us to quantify FRET efficiency by distinguishing these subpopulations [15]. As
technology advances, better fluorescence proteins with improved quantum yield, higher
extinction coefficient and single-exponential lifetime might be used instead of ECFP,
Cerulean, and EYFP, for quantitative FRET studies [50-52].

The instrumentation and data analysis presented in this article can nonetheless be applied
to detect the presence of molecular interactions of key oncogenes in living cells. This holds
promise to provide, among other applications, a reliable method to test the molecular
mechanisms of novel therapies against cancer targeted to specific molecular interactions.
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