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Two-photon "uorescence lifetime imaging microscopy (TPFLIM) enables the quantitative measure-
ments of "uorescence resonance energy transfer (FRET) in small subcellular compartments in light
scattering tissue. We evaluated and optimized the FRET pair of mMEGFP (monomeric EGFP with the
A206K mutation) and REACh (non-radiative YFP variants) for TPFLIM. We characterized several
mutants of REACh in terms of their «darkness,« and their ability to act as a FRET acceptor for mMEGFP in
Hela cells and hippocampal neurons. Since the commonly used monomeric mutation A206K increases
the brightness of REACh, we introduced a different monomeric mutation (F223R) which does not affect
the brightness. Also, we found that the folding ef‘ciency of original REACh, as measured by the
"uorescence lifetime of a mMEGFP...REACh tandem dimer, was low and variable from cell to cell.
Introducing two folding mutations (F46L, Q69M) into REAChH increased the folding ef‘ciency by ~50%,
and reduced the variability of FRET signal. Pairing mEGFP with the new REACh (super-REACh, or
sREACh) improved the signal-to-noise ratio compared to the mEGFP...mRFP or mEGFP...original
REAChH pair by ~50%. Using this new pair, we demonstrated that the fraction of actin monomers in
“lamentous and globular forms in single dendritic spines can be quantitatively measured with high
sensitivity. Thus, the mEGFP...sREACh pair is suited for quantitative FRET measurement by TPFLIM,
and enables us to measure protein...protein interactions in individual dendritic spines in brain slices

with high sensitivity.

Introduction

In the central nervous system, most excitatory
synapses are located in dendritic spines, tiny
(volume 0.1...0.01 ") mushroom-shaped protru-
sions emanating from the dendritic surface. Bio-
chemical signaling in spines is important for many
forms of synaptic plasticity and structural plasticity
of spines (Kennedy et al., 2005; Alvarez and
Sabatini, 2007). Because signaling in each den-
dritic spine is regulated differently (Kennedy et al.,
2005; Alvarez and Sabatini, 2007), the coupling

between synaptic activity and intracellular signaling
has to be studied ultimately at the level of individual
spines. However, due to the small size of dendritic
spines (~femtoliter) and light scattering by brain
tissue, it has been dif‘cult to measure the molec-
ular signaling in spines. Recently, protein...protein
interactions in individual dendritic spines in brain
slices have been successfully measured by com-
bining FRET imaging techniques with 2-photon
microscopy (Okamoto et al., 2004; Yasuda et al.,
2006). Further improvements in the sensitivity of
FRET imaging will be crucial for quantitative mea-
surements of signaling processes in spines.
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FRET is the process of non-radiative energy
transfer from an excited donor "uorophore to an
acceptor "uorophore. Because FRET strongly
depends on the distance between the donor and
acceptor, FRET can be used as a readout of
protein...protein interactions for proteins that are
fused to "uorophores (Miyawaki, 2003; Lakowicz,
2006). FRET is often measured by calculating the
ratio between the donor and acceptor "uorescence.
Alternatively, the "uorescence lifetime of the donor,
which is the time between excitation of "uorophore
and emission of a photon, can be used as a
readout of FRET, since the lifetime shortens as the
FRET ef“ciency increases (Lakowicz, 2006).

Fluorescence lifetime imaging microscopy
(FLIM) has many advantages over ratiometric
"uorescence or other intensity-based measure-
ments of FRET (Yasuda, 2006). First, "uorescence
lifetime is independent of local "uorophore concen-
tration or wavelength dependent light scattering,
unlike the intensity-based measurements. Second,
because the "uorescence lifetime is proportional to
FRET ef“ciency, calculation of the FRET ef‘ciency
is straightforward. Finally, this technique allows us
to deconvolve the FRET and non-FRET compo-
nents to measure the binding fraction of the FRET
population, or the fraction of donors bound to
acceptors.

As a FRET donor for TPFLIM, enhanced green
"uorescent protein (EGFP) or its monomeric var-
iant (EGFPas0ex Or MEGFP) is superior to other
GFP color variants, because it is bright and
photostable under 2-photon microscopy and has
a mono-exponential "uorescence lifetime decay.
For the FRET acceptor, monomeric red "uorescent
protein (MRFP) (Campbell et al., 2002) has often
been used for FLIM, because of its high extinction
coef‘cient and good spectral separation with EGFP
(Peter et al., 2005; Tramier et al., 2006; Yasuda
et al., 2006). Although mRFP is not the brightest
red "uorescent protein, the brightness of the
acceptor is not important for FLIM, because
FRET...FLIM typically measures only the donor
"uorescence. However, a high acceptor absorption
coef‘cient is required for high FRET ef‘ciency
(Yasuda, 2006). An acceptor with low quantum
yield could provide a better signal-to-noise ratio,
because of less bleed-through from the acceptor
into the donor "uorescence detector. With respect
to this, the recently developed "uorophore REACH,
a YFP variant with extremely small quantum
ef‘ciency (QY ~0.01) but with high absorbance,
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can also be used as a FLIM acceptor (Ganesan
et al., 2006).

In this paper, we evaluated the mEGFP...
REACh FRET pair for TPFLIM, and further opti-
mized the properties of REACh by introducing
several mutations. The resulting pair of mEGFP...
REACHh variant (sSREACh) provides better signal-to-
noise ratio compared to the mEGFP...REACh or
MEGFP...mRFP pairs. Using this new FRET pair,
we quanti“ed the molar fraction of the actin
monomers in “lamentous form (F-actin) in spines
and dendrites.

Results

The relative darkness of REACh variants
measured in HelLa cells

Because the "uorescence spectrum of REACh
overlaps with mEGFP, mEGFP "uorescence life-
times could be underestimated due to contamina-
tion by the residual short lifetime of REACh
(~0.35 ns). Thus, to use REACh as an acceptor
for mMEGFP, REAChes «darknesse must be maxi-
mized. We have developed a system to quantify
the darkness of REACh compared to mEGFP
under a two-photon microscope. To achieve this,
we expressed a tandem construct consisting of
mKeima and REACh in HelLa cells, and excited
both simultaneously with a 920 nm laser (Fig. 1a).
We used the relative "uorescence intensities of
REACh (green) to mKeima (red) as a measure of
the darkness of REACh. This ratio was then
normalized by the ratio between mEGFP and
mKeima "uorescence (Fig. 1b, c). Bleed through
of mEGFP into the red channel was corrected. We
ignored FRET from mEGFP or REACh to mKeima,
because MEGFP and REAChes emission spectra
do not overlap much with mKeimaes excitation
spectrum (Kogure et al., 2006). The brightness of
REACh1l (#2, EYFPyi4s5w) and REACh2 (#3,
EYFPy14sw, vi4sy) Was measured to be 2.8% and
1.3% of mEGFP, respectively (Fig. 1c).

Since EGFP variants have a small tendency to
dimerize (Zacharias et al., 2002), we introduced a
monomerizing mutation, A206K (#4), to REACh2,
and found that this greatly increased brightness,
which could interfere with the "uorescence lifetime
imaging of mEGFP. Adding the REACh1 mutation
(Y145W) to monomeric Venusaspex (#5; Venus is
brighter variant of YFP) also made Venus three
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Fig. 1. Brightness of REACh mutants. (a) A schematic representation of the structure of the tandem "uorescent protein made to evaluate
the brightness of REACh mutants, and the list of mutants used for evaluation of brightness. (b) Simultaneous capture of REACh mutant and
mKeima "uorescences in the green and red channels, respectively. HelLa cells expressing mEGFP...mKeima (Top panels) or SREACh...
mKeima (bottom panels) were simultaneously excited using a 920 nm excitation beam. Left panels show the "uorescence captured using a
HQ500/40 “lter. Right panels show the "uorescence captured using a HQ625/40 “Iter. Scale bar = 50 um. (c) Quanti“cation of the relative
brightness of REACh proteins with various mutations. In individual cells, the "uorescence intensities of mEGFP or REACh mutants were
divided by "uorescence intensities of mKeima. The relative "uorescence intensity of MEGFP divided by mKeima "uorescence is normalized
to 100. The number of cells is 279, 21, 97, 96, 71, 48, 29, 135, 120, 68, and 204, respectively. Error bars indicate +SEM.

times brighter than REACh2 (#3, EYFPyi4sw, "uorescence, it will not have a major impact on

n14sv) (Nagai et al., 2002; Kwok et al., 2008). To the lifetime measurements of mEGFP.

avoid this brightening by the A206K mutation, we

tried a different published monomerizing mutations Characterization of REACh mutants as FLIM

(#6, #7, #8) (Zacharias et al., 2002), and found that acceptors

the F223R (#6, #8) mutation did not affect the To evaluate signal-to-noise ratio of the mEGFP...
brightness (Fig. 1c). Since the "uorescence of this REACh pair using FLIM, we used TPFLIM to mea-

monomeric REACh is only ~1% of mEGFP sure the "uorescence lifetime of mMEGFP...REACh
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in contrast to mMEGFP...mRFP (Fig.2). The "uores-
cence lifetime decay curve after a short laser pulse
(Ti: Sapphire laser, pulse width ~200 fs, repetition
rate ~80 MHz) was measured by time-correlated
single photon counting (TCSPC). As reported
previously, the "uorescence lifetime decay curve
of mMEGFP “ts well with a single exponential
function convolved with a Gaussian system
response function, G(t) (Fig. 2b):

F(t) ~ G(t) &® exp(—t/rmEGFp) (1)

where Tmecep = 2.6 ns is the time constant of
MEGFP. The "uorescence decay curve of mMEGFP
fused to REACh or mRFP showed a decreased
"uorescence lifetime, indicating FRET from mEG-
FP to REACh or mRFP (Fig. 2b). The "uorescence
lifetime curve of these tandem dimers showed
multiple components. The time constant of the
slowest component was similar to that of free
MEGFP (2.6 ns), suggesting that this component is
from proteins with mEGFP but an unfolded accep-
tor. To quantify the FRET ef‘ciency and folding
fraction of the acceptor separately, we “tted the
"uorescence lifetime curve with a double exponen-
tial function, with the "uorescence lifetime of the
second component “xed to that of mEGFP
(2.6 ns):

F(t) ~G(t) @ [Poexp(—t/trreT) + P1eXp(—t/Tmecrp)]
(2)

where Py and P, are the population of fast and slow
components. Assuming that the fast and slow
components are from mEGFP paired with folded
and unfolded acceptors, respectively, the mean
FRET ef‘ciency (Yrrer) between mEGFP and
folded acceptor was calculated as

Yrrer = 1 — TFRET/TmEGFPS 3)
and the folding ef‘ciency (Ygoq) Was calculated as
Yrold = Po/(Po + P1) (4)

The FRET ef‘ciencies for mEGFP...REACh2
(#14) and the mEGFP...monomeric REACh2,:3r
pair (#15) were similar to those for mMEGFP...mRFP
and mEGFP...mCherry pairs (#12, #13) (Fig.2c, d).
This shows that, when folded, REACh is just as
good a FRET acceptor as mRFP. However, the
folding ef‘ciency of REACh2 and monomeric
REAChHh2 was lower and more variable from cell to
cell than that of mRFP (ranges 15...65%) (Fig2b,
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e). The variable folding ef‘ciency of the acceptor is
presumably caused by the environmental sensitiv-
ity of REACh2 folding.

To increase the folding ef“ciency of
REACh2r,,3r, and decrease the variability of
FRET signal between mEGFP and REACh2r553R,
we introduced further mutations into REACh2r553r
(Fig. 2a, e). Introducing the F46L mutation, which
improves the folding of YFP (eVenuse mutation)
(Nagai et al., 2002), into monomeric REACh2
improved the folding ef‘ciency by ~1.5 times
(Fig. 2e, #15 vs. #17). Venus with REACh1 muta-
tion (Y145W) also showed high folding ef‘ciency
and small variability (Fig. 2e, #16). Introducing
Q69M, which makes YFP less pH sensitive («Citrinee
mutation) (Griesbeck et al., 2001), increased the
mean folding ef‘ciency and decreased the variabil-
ity (Fig. 2e, #15 vs. #18). This suggests that Q69M
improves the folding ef‘ciency as well as reduces
the environmental sensitivity of REACh2. Finally,
introducing both mutations (F46L and QG69M)
caused the highest folding ef“ciency and lowered
variability (Fig. 2e, #19).

As expected, these folding mutations did not
change the FRET ef“ciency of the folded acceptor
(Fig. 2d). Despite the improved folding ef‘ciency,
these mutations did not brighten REACh2 (Fig. 1c,
#9, #10, #11). Thus, we concluded that REACh2
(F46L, Q69M, F223R) is the best FLIM acceptor
because of its «darkness= and high folding ef*-
ciency, and named it SREACh (Figs. 1c, 2e).

Actin polymerization quanti“ed with the
MEGFP...sREACh pair
Next, we investigated whether the mEGFP...
SREACh pair would give better FRET signal when
fused to p-actin to measure the molar fraction of
polymerized f-actin in dendritic spines (Okamoto
et al., 2004). p-Actin is highly enriched in “lopodia
and spines (Bassell et al., 1998; Eom et al., 2003),
and regulates the shape of dendritic spines and
“lopodia during development and structural plas-
ticity at mature synapses (Krucker et al., 2000;
Matus, 2000; Okamoto et al., 2004; Fischer et al.,
2004; Lamprecht and LeDoux, 2004; Sekino et al.,
2007; Honkura et al., 2008). The equilibrium
between the “lamentous form of actin (F-actin)
and globular form (G-actin) is thought to be
important for the regulation of the spine structure
(Okamoto et al., 2004).

Using the mEGFP...sREACh pair, we mea-
sured the molar fraction of F-actin and G-actin in
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Fig. 2. FRET ef“ciency and maturity of REACh mutants. (a) A schematic representation of the structure of the tandem "uorescent protein,
and the list of mutants used to evaluate the FRET ef“ciency and maturation level of REACh mutants. (b) Fluorescence lifetime curves of
MEGFP, mEGFP...REACh2 (#14), and mEGFP...sREACh (#19). Fluorescence lifetime curves were “tted with a double exponential function
(Eg. 2), and normalized to Fo (Eqg. 2). (c) Representative folding ef‘ciency images of the mEGFP...mRFP and mEGFP...REACh tandem
mutants in Hela cells. For mutant identities, see (a). (d) Comparison of the FRET ef‘ciency of the mEGFP...mRFP and mEGFP...REACh
tandems. The FRET ef‘ciency of each image was obtained from the "uorescence decay curve averaged over the whole image. The number
of images is 29, 20, 20, 22, 25, 20, 22, and 58. Each image contains 6...12 cells. Error bars indicate +SD. (e) Comparison of the binding
fraction of MEGFP...mRFP and mEGFP...REACh tandems. Each point represents one cell. Average binding fractions (thick black horizontal
bar) are #12,51.2 + 4.3; #13, 45.5 + 7.8; #14, 45.5 + 10.2; #15, 43.2 + 11.7; #16, 64.6 + 2.2; #17,63.0 + 12.2; #18, 65.3 + 7.0; and

#19, 68.6 + 4.8 (mean = SD). The number of cells is 147, 82, 119, 122, 79, 112, 137, and 230, respectively.
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dendritic spines using a similar strategy developed
previously for the ECFP...EYFP pair (Okamoto
et al., 2004). Neurons in cultured hippocampal
slices were sparsely transfected with mEGFP-actin
and sREACh-actin by ballistic gene transfer (Mc-
Allister, 2000). When mEGFP-actin and sREACh-
actin monomers are incorporated into F-actin next
to each other, they should produce FRET because
the distance between actin monomers in F-actin
(5.5 nm) (Holmes et al., 1990) is similar to the

Forster distance of the EGFP...REACh pair (5.4...

5.9 nm) (Ganesan et al.,, 2006) (Fig. 3a). Using
TPFLIM, we quanti“ed the "uorescence lifetime
decay of MEGFP to measure FRET. The fraction of
MEGFP-actin monomers that are located next to
sREACh-actin monomers on actin “laments (the
binding fraction) can be measured by “tting with a
double exponential (Eqg. 2). Because endogenous
actin and unfolded sREACh dilute the signal, the
binding fraction depends on the overexpression
level. However, the binding fraction should be
proportional to the fraction of mMEGFP-actin mono-
mer incorporated in F-actin within the same cell
(Fig. 3a). Thus, this value can be used to quantify
the relative F-actin molar fraction between different
subcellular compartments (e.g. spines vs. den-
drites) and their time course.

The binding fraction of the mEGFP...sREACh
pair (transfected with the donor/acceptor cDNA
ratio of 1:2) was 23 + 1% and 14 + 1% in spines
and the dendritic shaft, respectively (Fig. 3b...d).
This indicates that spines have ~1.7 times higher
molar fraction of F-actin than in dendrites. Similar
ratios were observed for different cDNA transfec-
tion ratios (1.7 and 1.5 for mEGFP:sREACh = 1:3
and 1:4, respectively; data not shown) although the
absolute binding fraction was higher for higher
ratio. This indicates the linearity of the binding
fraction to the molar fraction of F-actin. The higher
F-actin fraction in spines than in dendritic shafts is
consistent with previous studies (Star et al., 2002;
Okamoto et al., 2004). We did not observe a
signi“cant difference between primary and second-
ary dendrites (Fig. 3d).

In comparison, using the actin sensor made of
the mMEGFP...mRFP pair, we observed 6% and 11%
binding fraction in primary dendrites and spines.
The lower fraction compared to the mEGFP...
SREACh pair is presumably due to lower folding
ef‘ciency of mRFP (Fig. 2). The fraction of F-actin
was again ~1.8 times larger in spines than in
dendrites, consistent with the measurements using
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MEGFP...sREACh pair. Thus, the actin polymeri-
zation sensor made of the mEGFP...sREACh pair
has a higher signal-to-noise ratio compared to the
MEGFP...mRFP pair likely due to higher folding
ef‘ciency of SREACh (Fig. 2e). In contrast, the
FRET ef‘ciency of the mEGFP...sREACh and
MEGFP...mRFP pairs was similar, consistent with
the results obtained from the tandem dimer made
of these pairs (Fig. 2d).

To test the speci“city of the actin sensor, we
shifted the balance between G- and F-actin by
applying Latrunculin A or Jasplakinolide, which
prevents or stabilizes polymerization of actin “la-
ment, respectively. To monitor both polymerization
and the spine volume simultaneously, mCherry, a
brighter variant of mRFP (Shaner et al., 2004), was
co-expressed with the actin sensor. Latrunculin A
decreased F-actin in spines and dendritic shafts by
55 + 9% and 30 = 5% respectively (Fig. 4a, c),
and transformed spines into “lopodia-like struc-
tures (Fig. 4d), implying that presence of F-actin is
essential for maintaining the morphology of den-
dritic spines (Zhang and Benson, 2001; Honkura
et al., 2008). Also, Jasplakinolide increased F-actin
by 34 +4% and 75+ 21% in spines and in
dendritic shafts, respectively (Fig. 4b, c). The
volume of spines increased over 100% after Jas-
plakinolide treatment (Fig. 4b, d) (Hering and
Sheng, 2003; Wang et al., 2007). Taken together,
these results indicate that the "uorescence lifetime
of the actin FRET sensor is a sensitive, selective,
and quantitative measure of actin polymerization.

Discussion

Improvement of REACh for FLIM

The FRET pair of mEGFP...REACh has many
favorable properties for TPFLIM over the mEG-
FP...RFP pair. First, mEGFP...REAChes Fster
distance is larger than the mEGFP...mRFP pair,
making it easier to design protein-interaction sen-
sors (Ganesan et al., 2006). Second, since REACh
does not emit "uorescence, we can use red
"uorescent proteins such as mCherry in the same
experiment. In this study we further improved
REAChH as a FRET acceptor by introducing several
mutations, and characterized its properties by
using simple methods. First, we identi“ed a mono-
merizing mutation (F223R) that does not affect the
darkness of REACh. In contrast, the commonly
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Fig. 3. Comparison between mEGFP-/sREACh-actin and mEGFP-/mRFP-actin FRET sensors. (a) Schematic drawing of the experimental
design. (b) Representative images of a primary dendrite expressing mEGFP-/SREACh-actin sensor. From left, "uorescence lifetime image
(measured in nanoseconds), binding fraction image (% donors near acceptors), and "uorescence intensity image of mEGFP-actin. (c)
Comparison of the FRET ef“‘ciency of the mEGFP-actin/sSREACh-actin (gray bar) and mEGFP-actin/mRFP-actin (red bar). The number of
images is 13 and 25, respectively. Each image contains over 10 spines. Error bars indicate £SD. (d) Comparison of the binding fraction of
the mEGFP-actin/mRFP-actin (red bar) and mEGFP-actin/sREACh-actin (gray bar). Binding fractions in Primary dendrite, Secondary
dendrite, and spines on a secondary dendrite were analyzed. The number of dendrites and spines analyzed is 6, 22, 146 for mRFP, 9, 24,
161 for SREACHh, respectively. Error bars indicate +SEM.
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Fig. 4. Effects of Latrunculin A and a
Jasplakinolide on actin polymeriza-

tion. (a and b) Time lapsed "uores- .
cence lifetime images of single e o <
dendritic spines on secondary den-
drite in the presence of 10 uM
Latrunculin A (a), and Jasplakinolide
(b). Arrowheads point at spines that
shrank or transformed into “lopodia-
like structures. Color bar shows before
"uorescence lifetime in nanosec-
onds. (c) Time course of polymeri-
zation of actin in dendrites (opened
triangle, n = 3) and spines
(opened circle, n = 38) caused by
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used A206K mutation made the "uorophore 6-fold ably due to the unstable folding and environmental
brighter. These results suggest that there is some sensitivity of REACh, the mean FRET ef‘ciency of
interaction between edarke mutations at amino tandem mEGFP...REACh was low, and differed
acids 145 and 148 and «monomerice mutations at from cell to cell. This folding problem was solved by

amino acids 206, 221, and 223. Second, presum- introducing F46L and Q69M mutations to REACh2.
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Because unfolded "uorophores do not contribute to

FRET signal, the 50% higher folding ef‘ciency of

sREACh compared to original REACh should

improve FRET signal by a similar percentage,

indicating that mEGFP...sREACh pair is suitable for
sensitive measurements of protein...protein interac-
tions. We also demonstrated that the signal-to-

noise ratio of the actin sensor made with the

MEGFP...sREACh pair is double that of the mEG-
FP...mRFP pair. Furthermore, we also showed that
FRET signal in spines and the volume of the same

spines can be simultaneously monitored by using

the mEGFP...sREACh pair together with cytosolic
mCherry (Fig. 4). This was not possible with

MEGFP...mRFP pair, because mRFP "uorescence
from the FRET pair interferes with the "uorescence

measurements of mCherry.

Quantitative measurements of actin
polymerization

We demonstrated that the equilibrium between
F-actin and G-actin in spines and in dendritic shafts
in brain slices can be measured quantitatively by
measuring FRET between mEGFP-actin and
sREACh-actin with TPFLIM. Previously, it has
been demonstrated that changes in the equilibrium
between F-actin and G-actin in spines can be
measured by FRET between ECFP-actin and
Venus-actin using ratiometric imaging. However,
because the ratio depends on the relative expres-
sion levels of these proteins as well as light
scattering of slices, only qualitative analyses of
the equilibration were shown. We overcome this
limitation by using TPFLIM. By deconvoluting the
double-exponential curve of the "uorescence life-
time decay curve, we can measure the fraction of
mMEGFP-actin monomer with adjacent sREACh-
labeled monomer in F-actin. Thus, our method
provides a value that is proportional to the fraction
of F-actin within the same cell. Using this method,
we found that F-actin molar fraction in spines is
1.5...1.8 times larger than in dendrites. This ratio
was independent of the ratio of expression level
between mEGFP and sREACh. Furthermore, we
obtained the similar value from the mEGFP...mRFP
pair. Assuming that the F-actin molar fraction in
spines is ~85% (Star et al.,, 2002), F-actin in
dendrites is 45...55%.

In summary, we have demonstrated that the
MEGFP...sREACh pair provides quantitative and
sensitive FRET measurement under TPFLIM.
Using this FRET pair, we were able to measure
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protein...protein interactions in single dendritic
spines in brain slices with high sensitivity.

Methods

DNA plasmids

cDNA of mRFP, Venus/mKeima, pECFP-actin, and
pCAGGS are kind gift of R. Tsien, A. Miyawaki Y.
Hayashi, and M. Matsuda, respectively. Plasmids
containing cDNAs of MEGFP (EGFPas0ek), mVenus
(Venusazoek), and mCherry were prepared as
described previously (Zacharias et al., 2002; Yas-
uda et al., 2006). Plasmid containing cDNA of
REACh variants were prepared from pEYFP-
C1(Clontech) by a Site-Directed Mutagenesis kit
(Stratagene). cDNA of mKeima was subcloned into
PEGFP-N3 plasmid by replacing EGFP cDNA with
mKeima cDNA. mMEGFP...mKeima and REACh vari-
ants...mKeima (Fig.1a) were prepared by subclon-
ing mMEGFP and REACh variants into the mKeima
plasmid. mMEGFP...mRFP and mEGFP...REACh vari-
ants (Fig. 2) were made by subcloning mRFP and
REACh variants into mEGFP plasmids. Plasmids
containing cDNA of mEGFP-actin, sREACh-actin,
and mRFP-actin were prepared from pECFP-actin
by replacing ECFP with mEGFP, sREACh, and
mMRFP, respectively. The promoters of these con-
structs (CMV) were then replaced by chicken f-actin
promoter from pCAGGS.

HelLa cell culture and transfection

HelLa cells were cultured on 35 mm dishes in

Dulbeccoss modi“ed eagle medium supplemented

with 10% fetal calf serum at 37 C in a 5% CO,

atmosphere. We transfected cells with plasmids

using Lipofectamine transfection reagent (Invitro-

gen Corporation), according to the manufactureres
instructions. Imaging was carried out 18...24 h after
transfection.

Cultured hippocampal slices and transfection

Cultured hippocampal slices were prepared from
postnatal day 6 or 7 rats, as described (Stoppini
et al.,, 1991), in accordance with the animal care
and use guidelines of Duke University Medical
Center. After 1...2 weeks in culture, CA1 cells were
transfected with ballistic gene transfer (McAllister,
2000) using gold beads (8...12 mg) coated with
pCAGGS...mEGFP, pCAGGS...sREACIg-actin,
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and mCherry-C1 at the ratio 1:2:1. Imaging was
carried out 2...3 days after transfection.

Two-photon "uorescence lifetime imaging

The details of FRET imaging using TPFLIM in
hippocampal slice culture were described previ-
ously (Yasuda et al.,, 2006). We used a custom-
built two-photon microscope with two Ti:sapphire
lasers. One laser was tuned to 920 nm to excite
both mEGFP-actin for "uorescence lifetime mea-
surements and mCherry for morphology data. The
intensity of the laser beam was controlled using
electro-optical modulators (Pockels cells, Conop-
tics). The laser scanning was controlled using scan
mirrors and the "uorescence was acquired by the
objective lens (60-, 0.9 NA, Olympus). The mEG-
FP and mCherry "uorescence were separated
using a dichroic mirror (565 nm) and band-pass
“Iters (500/40, 620/40; Chroma).

Briey, "uorescence decay curves were mea-
sured by comparing the times of laser pulses
(80 MHz) detected by a photodiode (FDSO010,
Thorlabs) and photon pulses from a fast photomul-
tiplier tube (PMT; H7422...40, Hamamatsu) using a
time-correlated single photon counting board
(SPC-730, Becker-Hickl) (Lakowicz, 2006; Yasuda
et al., 2006). Data acquisition and analysis were
performed by custom software on Matlab 7.0. Red
"uorescence signals from PMTs (R3896, Ham-
amatsu) were acquired using a separate data
acquisition board (PCI-6110).

Hela cells were imaged in a solution contain-
ing HEPES (30 mM, pH 7.3) buffered ACSF
(2130 mM NaCl, 2.5 mM KCI, 1 mM CaCl,, 1 mM
MgCl,, 2 MM NaHCOs;, 1.25 mM NaH,PO,, and
25 mM glucose) at 25...26C.

CA1 pyramidal neurons in cultured hippocam-
pal slices were imaged in ACSF (127 mM NacCl,
2.5 mM KCI, 2 mM CaCl,, 2 mM MgCl,, 25 mM
NaHCO3, 1.25 mM NaH,POy,, and 25 mM glucose)
aerated with 95% O, and 5% CO, at 25...26C. In
some experiments, 10 uM Jasplakinolide and
10 uM Latrunculin A (Calbiochem) were added to
the ACSF with indicated concentrations.

Data analysis

To obtain mEGFP "uorescence lifetime, we summed
over all pixels in an image of several HelLa cells
expressing mEGFP, and “t a "uorescence lifetime
curve with a single exponential function convolved
with the Gaussian pulse response function:

Highly sensitive and quantitative FRET...FLIM imaging

F(t) = FoH(t, to, 70, 76)

where Fq is the constant, and
2
t—1t
H<t7t07TDaTG) :_exp (T—G_ O)

x erf <Té —o(t- to))
V21

in which 1p is the "uorescence lifetime of the free
donor (MEGFP), ¢ is the width of the Gaussian
pulse response function, Fq is the peak "uores-
cence before convolution and ty is the time offset,
and erf is the error function.

To measure the fraction of donor that is bound
to acceptor, we “t a "uorescence lifetime curve
summed over a whole image with a double expo-
nential function convolved with the Gaussian pulse
response function:

F(t) = Fo[Pp - H(t, to, 70, 76) + Pap - H(t, to, TaD, T6)]

where tap is the "uorescence lifetime of donor
bound with acceptor, Pp and Pp are the fraction
of free donor and donor bound with acceptor. We
“xed 1p to the "uorescence lifetime obtained
from free mMEGFP (2.6 ns). To obtain Pp and Pap
from regions-of-interests (ROIs) in an image
(cells, spines, or dendrites), we “xed 7p, Tap,
1g, and tg to the values obtained from the whole
image.

To generate the "uorescence lifetime image,
we calculated the mean photon arrival time, (t), in
each pixel as (Lakowicz, 2006):

Jdt-tF(t)
) =—F—7=.
Jdt-F(t)
Then, the mean photon arrival time is related to the
mean "uorescence lifetime, (t), by an offset arrival

time, t,, which is obtained by “tting the whole
image (Yasuda et al., 2006):

(1) = () —to.

To generate image of the binding fraction (such as
Figs. 2c and 3d), the binding fraction in each pixel
(Pap) was obtained as:

(10 — (7))
(to — tap) (0 + tAD — (1))’

Pap =

where 1p and tap were obtained by “tting the whole
image.
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