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Improving FRET dynamic range with bright green and

red fluorescent proteins

Amy ] Lam"2, Frangois St-Pierre>2, Yiyang Gong>~>, Jesse D Marshall*>->, Paula ] Cranfill®’, Michelle A Baird®’,
Michael R McKeown?-10, Jérg Wiedenmann!!, Michael W Davidson®’, Mark J Schnitzer®->, Roger Y Tsien®-10 &

Michael Z Lin!-2

A variety of genetically encoded reporters use changes in
fluorescence (or Forster) resonance energy transfer (FRET) to
report on biochemical processes in living cells. The standard
genetically encoded FRET pair consists of CFPs and YFPs, but
many CFP-YFP reporters suffer from low FRET dynamic range,
phototoxicity from the CFP excitation light and complex
photokinetic events such as reversible photobleaching and
photoconversion. We engineered two fluorescent proteins,
Clover and mRuby2, which are the brightest green and red
fluorescent proteins to date and have the highest Forster radius
of any ratiometric FRET pair yet described. Replacement of CFP
and YFP with these two proteins in reporters of kinase activity,
small GTPase activity and transmembrane voltage significantly
improves photostability, FRET dynamic range and emission ratio
changes. These improvements enhance detection of transient
biochemical events such as neuronal action-potential firing and
RhoA activation in growth cones.

FRET between fluorescent proteins is widely used to monitor
biochemical processes in living cells. Most FRET-based report-
ers use CFPs and YFPs as fluorophores. However, aspects of
CFPs and YFPs are problematic for FRET. CFPs and YFPs can
undergo rapid multirate and reversible photobleaching! -3, YFPs
can photoconvert into cyan fluorescent species4, CFPs can
photoactivate at YFP excitation wavelengths® and the violet
CFP excitation light can be phototoxic®’. Furthermore, many
CFP- and YFP-based FRET reporters produce small changes in
FRET, creating detection challenges when biochemical responses
are subtle or transient. Detection is especially difficult when
imaged structures are small, as the response has to overcome
noise or, if illumination is increased to reduce noise, fluorophore
bleaching. Although linker lengthening can improve responses
of sensors that operate via signal-dependent interaction between
domains?, sensors that operate via conformational changes in a
single domain are more difficult to improve®1?. New fluorescent

proteins that perform well in FRET and avoid the drawbacks of
CFPs and YFPs would thus be useful!!>12,

Alternative FRET pairings between a GFP or YFP and an OFP
or RFP have been explored®!3-17, but these still have major limita-
tions. OFPs show poor maturation, rapid photobleaching and/or
photoconversion to green or far-red species, all of which can
lead to underestimations of FRET>!%18, Emission from mRFP
or mCherry is too weak to detect above the donor emission tail,
precluding the use of ratiometric imaging to correct for differ-
ences in probe concentration!>!31617:19 Where comparisons can
be made, pairs with previously described RFP acceptors do not
improve ratio changes compared to CFP-YFP pairs®10.

We aimed to systematically develop new fluorescent proteins
with properties better suited to a wide range of FRET applications.
Starting from Aequorea victoria GFP and the RFP mRuby?’, we
engineered Clover and mRuby2, to our knowledge the brightest
fluorescent protein and the brightest RFP characterized so far,
respectively. Clover and mRuby2 conferred greater dynamic
range and photostability to four existing FRET reporter designs.
Among the improved reporters is a voltage sensor that allows
more reliable detection of single action potentials than do previ-
ous sensors. In addition, we use an improved RhoA reporter to
show that RhoA activation occurs rapidly and locally in neuronal
growth cones during ephrinA-stimulated retraction.

RESULTS

Evaluation of performance of existing FRET reporters

An undesirable attribute for FRET pairs is overlap between donor
and acceptor emissions. Emission overlap dampens ratio changes,
as an increase (or reduction) in FRET and acceptor emission is
counteracted by reduction (or increase) of donor emission previ-
ously mixed in the acceptor emission channel. Current CFP-YFP
pairs show extensive overlap of donor and acceptor emissions
(Fig. 1a). Another important consideration is the FRET efficiency
achievable by the fluorescent protein pair. FRET efficiency (E)
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Figure 1 | Assessment of FRET reporter
performance using Forster equations and
emission spectra. (a) Normalized spectra of

ECFP and EYFP. Variants of CFP and YFP have
identical spectra. Ex, excitation; em, emission.
(b-d) Modeling of existing FRET reporter
performance using Forster equations and
emission spectra. Ranges for the FRET efficiency £
were derived by fitting theoretical to experimentally
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obtained emission curves (left) and were then mapped to appropriate Férster £-r curves (right) for Camuic (b), AKAR2 (c) or Raichu-RhoA (d). (e) Clover emission
and mRuby?2 excitation spectra show substantial overlap, and Clover and mRuby?2 emission spectra are better separated than CFP and YFP emission spectra.

is related to interfluorophore distance (r) by a sigmoidal curve
described by the Forster equations. This curve is steepest at its
midpoint, where E equals 0.5 and r equals the Forster radius r,,
a parameter that depends on photophysical properties of the
FRET pair and the positions of the donor-emission and acceptor-
absorbance transition dipoles. Because of the high slope at the
midpoint, reporters that operate with E near 0.5 should exhibit
larger changes in E upon changes in r compared to reporters in
which E remains far from 0.5. To quantify the range of E over
which existing reporters operate (which we refer to as FRET
dynamic range), we analyzed three biosensors for which we could
acquire emission spectra in basal and induced states: the Camuio.
reporter of CaMKIIo activity?!, the AKAR2 reporter of PKA
activity?? and the Raichu-RhoA reporter of RhoA activity?3. All
use variants of CFP and YFP as FRET pairs. We calculated E by
linear unmixing of emission spectra of each reporter in basal or
induced states. We found Camuict and AKAR?2 operate with E of
0.13-0.33 (Fig. 1b) and 0.14-0.18 (Fig. 1¢), respectively, whereas
Raichu-RhoA operates closer to the midpoint of the E-r curve
with a range of 0.39-0.48 (Fig. 1d). For reporters such as Camuio.
and AKAR2, a FRET pair that can generate larger r, values would
be expected to improve dynamic range. Another advantage of a
higher r, is that the resulting higher FRET efficiencies lead to
increased acceptor emissions, thereby boosting the contribution
of acceptor emission relative to donor bleed-through emission
in the acceptor channel.

Given these considerations, we identified larger separation
between donor and acceptor emissions and higher r,, as important
design targets. To improve r, we attempted to increase the quan-
tum yield of the donor (¢p,), extinction coefficient of the acceptor
(g4) and the integrated spectral overlap between donor emission
and acceptor excitation, as the sixth power of r is proportional
to these factors. We also favored redder wavelengths (A1), which
should help increase r, owing to a A* term in the spectral
overlap equation while reducing phototoxicity and background
cellular autofluorescence?*.

Evolution of Clover

Because emission of GFP overlaps substantially with absorbance
of OFPs and RFPs, we first attempted to rationally improve GFP

1006 | VOL.9 NO.10 | OCTOBER 2012 | NATURE METHODS

quantum yield. YFPs bear a T203Y mutation and exhibit higher
quantum yields than do existing GFPs. Besides creating a ©-1
interaction with the chromophore to cause the red-shifted spec-
tra of YFPs?>, this mutation removes a hydrogen bond between
Thr203 and the chromophore. This bond may be responsible for
the high vibronic shoulder in the excitation spectrum of EGFP at
470 nm, which is not observed in YFP (Supplementary Fig. 1)
or in the transient I* form of wild-type GFP?®, in which the
chromophore is not hydrogen-bonded to Thr203 (ref. 27). This
shoulder is not mirrored in the EGFP emission spectrum, con-
sistent with excited-state conformational changes that break the
hydrogen bond before emission?”. We hypothesized that remov-
ing this hydrogen bond in GFP may improve quantum yield by
removing pathways for nonradiative decay from the excited state.
To test this hypothesis, we introduced into wild-type GFP the
S65G mutation to maintain a deprotonated chromophore?® and
M153T and superfolder mutations to promote folding?’. We then
screened mutants of Thr203 for brightness in bacteria, and we
isolated an unusually bright T203H mutant. We subsequently
mutagenized GIn69, a position known to affect bleaching in
YFPs, and found that Q69A conferred photostability superior
to ECFP and Cerulean, the most commonly used FRET donors
(Supplementary Fig. 1)*°. Given its bright green color in the
purified state, we named the resulting protein Clover.

Clover has excitation and emission maxima of 505 and
515 nm (Supplementary Fig. 1), which fall between those of
EGFP and EYFP. Its extinction coefficient of 111,000 M~! cm™!
and quantum yield of 0.76 make it the brightest fluorescent
protein yet characterized (Table 1). Bleaching of Clover followed
first-order kinetics with less then 4% reversibility, unlike bleach-
ing of ECFP and Cerulean®?. In confocal laser microscopy of live
cells, Clover bleached similarly to YPet, previously the brightest
fluorescent protein (Supplementary Fig. 1). In wild-type GFP
and photoactivatable (PA)-GFP, the chromophore exists in the
protonated state but can be photoconverted to the deprotonated
state by a photochemical reaction eliminating Glu222 (ref. 28).
With a completely deprotonated chromophore at neutral pH
(pK, = 6.1), Clover should be incapable of photoconversion
despite the presence of His203, which enhances photoconver-
sion in PA-GFP. Indeed, we observed no photoactivation of Clover
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Table 1 | Properties of bright and photostable monomeric fluorescent proteins

Protein Ref.? Al Agn© gd b° Brightnessf pK,9 Maturation" Photostability’
mTurquoise2 30 434 474 30 0.93 28 3.1 ND 90i
mTFP1 47 462 488 64 0.85 54 4.3 ND 110
EGFP 47 488 507 56 0.60 34 6.0 25k 174
mWasabi 47 493 509 70 0.80 56 6.5 ND 93
YPet 47 517 530 104 0.77 80 5.6 ND 49
Clover This work 505 515 111 0.76 84 6.2 30 50
mCherry 47 587 610 72 0.22 16 <4.5 40! 96
mKate2 47 588 633 63 0.40 25 5.4 20 84
TagRFP-T 2 555 584 81 0.41 33 4.6 100 337
mRuby 20 558 605 112 0.35 39 4.4 170 101
mRuby? This work 559 600 113 0.38 43 5.3 150 123

aSource of data unless otherwise noted. PExcitation maximum in nm. ‘Emission maximum in nm. 4Peak extinction coefficient in mM-1 cm~1. €Quantum yield. fProduct of € and ¢. 9pH at which
the fluorescence intensity is 50% of its maximum value. "Time in min for fluorescence to obtain half-maximal value after exposure to oxygen. Time in s to photobleach from 1,000 to 500
photons per s per molecule under arc-lamp illumination. JData from this study. Data from ref. 48. 'Data from ref. 49. ND, not determined.

in illumination conditions that produced more than threefold
photoactivation of PA-GFP (Supplementary Fig. 1). Clover differs
from GFP by ten mutations: S30R, Y39N, S65G, Q69A, N105T,
Y145F, M153T, V163A, 1171V and T203H (Supplementary
Fig. 2). As with other GFP derivatives, Clover functions well in a
variety of fusion proteins (Supplementary Figs. 3 and 4).

Evolution of mRuby2

An ideal FRET partner for Clover would have a high extinction
coefficient, extensive excitation overlap with Clover emission,
high quantum yield, large Stokes shift, fast maturation and high
photostability. The first two characteristics would contribute
to a large r,. A high quantum yield and large Stokes shift allow
acceptor emission to be clearly discernable from donor emission
bleed-through in the acceptor channel so that FRET changes can
be detected by ratiometric emission imaging. Fast maturation is
necessary to reduce the percentage of nonfunctional acceptor
domains, whose presence leads to an underestimation of FRET
efficiency. High photostability is important in time-lapse micros-
copy because acceptor bleaching irreversibly reduces the FRET
dynamic range of the reporter population.

Among highly absorbing monomeric OFPs and RFPs, absorb-
ance of mCherry and mKate derivatives exhibit poor overlap with
Clover emission, whereas emission of mOrange and mKO deriva-
tives are poorly separated from Clover emission. Furthermore,
mKate derivatives retain substantial green fluorescence and are
weak dimers®!. With their brightness and large Stokes shifts,
TagRFP and TagRFP-T are well matched optically but exhibit
complex reversible photobleaching?. The recently described
mRuby? is relatively bright and photostable (Table 1), but its
photobleaching behavior had not previously been optimized.

We explored the possibility of developing a FRET acceptor
for Clover from mRuby. Photobleaching of mRuby on a micro-
scope under xenon arc lamp illumination induced rapid initial
loss of fluorescence (10% in 2 s, time normalized as previously
described?) followed by slow bleaching (normalized time to half
initial brightness of 101 s). The precursor to mRuby, eqFP611
dimer, readily undergoes reversible photobleaching due to isomer-
ization from a bright trans form to a dim cis form, and mutations
near the chromophore affect isomerization32. We attempted to
reduce fast photobleaching of mRuby due to isomerization by
mutating interior residues. We screened a library of mutants for

maximal FRET in tandem fusions with Clover and performed
photobleaching on individual protein solutions.

One variant showed increased FRET with Clover and improved
photokinetics. This variant, which we named mRuby2, has similar
spectra to mRuby (Supplementary Fig. 5) and improved bright-
ness (& = 113,000 versus 112,000 M~! cm™!, ¢ = 0.38 versus
0.35, Table 1). mRuby?2 differs from mRuby by four mutations:
L15M, 1102V, A119V and A131P (numbering per PDB file 1UIS,
Supplementary Fig. 6). Photobleaching of mRuby2 with arc lamp
illumination is monoexponential with negligible reversibility and
a half-life of 121 s, compared to complex photokinetics and a 101-s
half-life for mRuby. In confocal laser microscopy of live cells,
mRuby?2 bleached with similar kinetics to mRuby and mCherry
(Supplementary Fig. 5). Finally, mRuby2 functions well in a vari-
ety of fusions (Supplementary Figs. 7 and 8).

The Clover-mRuby2 pair features high ¢, €, and overlap
between donor emission and acceptor absorbance (Fig. 1e). As a
result, Clover-mRuby2 has an r,, (with random interfluorophore
orientation) of 6.3 nm—a higher value than any previous FRET
pair has had (Table 2). To confirm that mRuby2 is an efficient
FRET acceptor for Clover, we fused mRuby?2 to Clover with a flex-
ible linker and measured FRET E by spectral imaging. We used
mCherry as a robustly folding RFP comparison. E in the Clover-
mRuby?2 fusion was 0.55 compared to 0.47 in the Clover-mCherry
fusion (Supplementary Fig. 9). mRuby2 also has a larger Stokes
shift compared to YFP or mCherry (Table 1), thus improving
separation of acceptor and donor emissions.

Improved sensing of kinase activity

We benchmarked the performance of Clover-mRuby2 across
four sensor designs differing in their sensing modality, relative
position of the sensing domain and FRET E operating range.
We first used Clover-mRuby2 to retrofit Camuic?!, a reporter
of CaMKIIa activity that operates at low FRET efficiencies
(Fig. 1c). In Camuia, the Venus YFP is fused to the N terminus
and ECFP is fused to the C terminus of full-length CaMKIIa, and
activation of CaMKIIo induces a decrease in FRET (Fig. 2a)?!.
We replaced YFP with Clover and ECFP with mRuby2 to create
Camuio-CR. Camuic-CR produced a mean 29.4% peak emission
ratio change in HeLa cells stimulated with ionomycin, which is
62% larger than that produced by the original Camuic (Fig. 2b,c).
Circular permutation of Clover at two sites, after amino acid (aa)
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Table 2 | Examples of r, values of fluorescent protein FRET pairs

FRET pair by’ £,> (MM~ em™?) ry (nm)
ECFP-Citrine 0.36¢ 774 4.8
ECFP-Venus 0.36¢ 924 5.0
Cerulean-Citrine 0.49¢ 774 5.4
Cerulean-Venus 0.49¢ 92d 5.2
SECFP-SEYFP 0.58¢ 101® 5.4
EGFP-mCherry 0.60d 724 5.4
TagGFP-TagRFP 0.59f 100f 5.7
mTFP1-Citrine 0.854 77¢ 5.7
mTFP1-mOrange 0.85¢ 714 5.7
Citrine-mKate?2 0.76¢ 634 5.8
Clover-mCherry 0.769 724 5.8
mTurquoise1-SEYFP 0.84¢ 101¢ 5.8
mTurquoise2-SEYFP 0.93¢ 101¢ 5.9
Clover-mRuby?2 0.769 1139 6.3

Random interfluorophore orientation is assumed. Pairs are ordered by r,.
2Quantum yield of donor. PExtinction coefficient of acceptor. “Values from ref. 29. Values
from ref. 47. ®Values from ref. 50. Values from ref. 15. 9Data from this study.

157 and aa 173, resulted in maximum ratio changes (Fig. 2d,e)
and response kinetics (Supplementary Fig. 10) similar to non-
permuted Clover, suggesting that improvements were not due to
more optimal fluorophore orientations. Incidentally, the intensi-
ties of Camuict-CR in each channel did not change during base-
line imaging, thus indicating high photostability of Clover and
mRuby2 (Supplementary Fig. 10). In contrast, during baseline
imaging of Camuio, the donor/acceptor ratio increased (Fig. 2¢)
while both fluorophore intensities decreased, indicating fast
bleaching of Venus and slower bleaching of ECFP, as observed in
other FRET reporters!33,

We next replaced ECFP and Citrine in the PKA activity reporter
AKAR?2 (ref. 22) with Clover and mRuby2. The resulting AKAR2-
CR produced a mean 21.5% peak emission ratio change in HEK293
cells stimulated with forskolin, 117% larger than that produced by
AKAR?2 (Supplementary Fig. 11). Individual cellular responses
also showed less fluctuation with AKAR-CR than with AKAR2.
We also tested the photostability of AKAR2-CR under continu-
ous arc lamp illumination. Mean fluorescence intensities in the
individual Clover and mRuby2 channels were reduced less than
4% after 6 min of continual illumination (Supplementary Fig. 11
and Supplementary Video 1), and both emission signals were
easily detectable over nontransfected cellular autofluorescence
(signal/background ratios>10). Although AKAR2 derivatives
retaining ECFP and Citrine can be improved through exten-
sive linker optimization34, these results demonstrate that simple

Figure 2 | Clover-mRuby2 and ECFP-Venus responses in the CaMKIIo:
reporter Camuiat. (a) Organization of Camuia-CR, based on Camuic.
(b) Intensity-modulated ratiometric images of Hela cells expressing
Camuio-CR or Camuia before (left) and after (right) addition of 1 uM
ionomycin at time = 0. Scale bar, 20 um. (c) Mean donor/acceptor
emission ratio changes (AR/R;,) over time. Error bars represent s.e.m.
n =10 cells for Camuio; n = 12 cells for Camuia-CR. Difference in peak
emission ratio change is statistically significant (P = 7.6 x 107%).

(d,e) Similar emission ratio responses were obtained with modified
Camuia-CR reporters in which Clover was replaced with circularly
permuted variants. Mean peak emission ratio changes with cpClover157
(d, n =4 cells) and cpClover173 (e, n = 10 cells) were 31.8 + 3.5% and
32.0 £ 2.2% (mean * s.e.m.), respectively, not significantly different
from Camuioi-CR (P = 0.52 and P = 0.3, respectively).
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substitution with Clover-mRuby2 can improve ratio changes and
enable the use of redder excitation wavelengths, and they confirm
that Clover-mRuby2 is suitable for long-term imaging.

Improved sensing of membrane voltage

In Camuio and AKAR2, the fluorescent proteins flank a cen-
tral region undergoing conformational change. We investigated
whether Clover and mRuby2 could improve a FRET reporter with
a different organization. In voltage-sensitive fluorescent proteins
(VSFPs), FRET between tandem fluorescent proteins fused to
the C terminus of a transmembrane voltage-sensing domain
increases upon membrane depolarization (Fig. 3a)3. The exist-
ing VSFPs with the largest emission ratio changes are VSFP2.3,
using Cerulean CFP and Citrine YFP3®, and Mermaid!4, using
mUKG GFP and mKO«x OFP. For long-term neuronal imaging,
CFP-YFP-based sensors such as VSFP2.3 are not ideal because of
phototoxicity and autofluorescence at CFP excitation wavelengths
(Supplementary Fig. 12), whereas Mermaid exhibits fast bleach-
ing!“. Also, these VSFPs have difficulty discerning single action
potentials (APs) without averaging®’.

We substituted Clover-mRuby2 for Cerulean-Citrine in
VSFEP2.3 to create VSFP-CR. VSFP-CR in HEK293 cells exhib-
ited a basal FRET efficiency of 0.63 (Supplementary Fig. 12),
similar to that of the Clover-mRuby2 fusion (Supplementary
Fig. 9). VSFP-CR localized to the membrane of hippocampal neu-
rons comparably to VSFP2.3 (Supplementary Fig. 12), where it
responded to membrane depolarization with an increase in the
mRuby2/Clover emission ratio (Fig. 3b). We related ratio changes
to transmembrane voltage by patch clamping multiple neurons
expressing VSFP-CR or VSFP2.3 (Fig. 3¢). Ratios responded to
voltages from —100 mV to +20 mV, with the steepest response
at —40 mV. With depolarization from —70 to +60 mV, VSFP-CR
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Figure 3 | Clover-mRuby2 FRET in voltage sensing. (a) Organization Time (s) A Voltage (mV) Mean AP
of VSFP-CR, based on VSFP2.3. (b) Ratiometric images of hippocampal _ response
neurons expressing VSFP-CR before (top) and after (bottom) depolarization with 50 mM KCL. An increased f Z  0-
acceptor/donor emission ratio was observed at the cell membranes and in neurites (arrows) but not inside the o _SO-J\_LLLL.F
cell body (asterisk). Scale bar, 10 um. (c) For voltage-emission ratio relationships, hippocampal neurons % -100+ : , , .
expressing VSFP-CR were subjected to various voltage steps from a resting potential of =70 mV by patch Z 501

clamping (top), and acceptor/donor emission ratio changes (AR/R,;) at each voltage were measured (bottom).
(d) Mean emission ratio changes in response to voltage steps for VSFP2.3 (n = 39 cells) or VSFP-CR (n = 47 cells).
Error bars represent s.e.m. Differences at potentials <-100 mV and >-40 mV are statistically significant by
two-tailed t-test with Bonferroni correction for ten repeated measures (P = 6.9 x 1074, 1.9 x 107, 1.9 x 107,
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1.03 £ 0.1% (mean £ s.e.m., n = 22 cells) for VSFP-CR and 0.82 + 0.05% (n = 32 cells) for VSFP2.3 (P = 0.04 by
two-tailed t-test). (f) VSFP-CR ratio changes (bottom) reliably detected APs (top) in a single unfiltered trace with a measured peak/noise ratio of 8.0.
Measured power at the specimen plane was 1 W cm~2. At this power, the baseline ratio changed by 5% over 25 s.

produced a 12.7% ratio change, 43% larger than that produced
by VSFP2.3. With hyperpolarization from —70 mV to —120 mV,
VSEP-CR produced a ratio change of —2%, 67% larger in magni-
tude than that produced by VSFP2.3 (Fig. 3d). Decreased donor
and increased acceptor fluorescence both contributed to ratio
increases for VSFP-CR and VSFP2.3 (Supplementary Fig. 12).
The time constants of ratio changes upon activation and deac-
tivation of VSFP-CR and VSFP2.3 were similar across voltage
steps from —70 mV (Supplementary Fig. 13) and are similar to
published figures for VSFP2.3 (ref. 38). The ratio change upon
depolarization from —70 to +60 mV at 20 °C was best fit by a
biexponential function with 5.4 + 0.8 and 59.5 * 5.5 ms time
constants (mean £ s.e.m., n = 4).

We evaluated whether VSFP-CR could be used for AP detec-
tion. With evoked single APs in hippocampal neurons, membrane
fluorescence of VSFP-CR (Supplementary Fig. 14) exhibited a
mean emission ratio change of 1.03%, 25.6% higher than that of
VSFP2.3 (Fig. 3e). Ratio changes reached 4% in individual neu-
rons, allowing detection of single APs in our conditions with a
peak/noise ratio of 8.0 (Fig. 3f). VSFP2.3 also responded to single
APs, although the peak/noise ratio was limited to 5.9 in the best
case, even with higher excitation power to compensate for its
lower brightness (Supplementary Fig. 14). The emission ratio
also drifted at baseline, indicating uneven bleaching of CFP and
YFP, as previously observed!->.

To determine how well VSFP-CR functions for long-term imag-
ing compared to VSFP2.3, we first measured bleaching rates and
emission intensities of donor and acceptor fluorescent proteins in
individual neurons expressing each sensor, and we then calculated
the total number of photons that could be emitted. Total photonic
output was 2.9-fold higher for Clover relative to Cerulean and
3.7-fold higher for mRuby2 relative to Citrine (Supplementary
Fig. 14). For each neuron, we also measured the signal/noise
ratio (SNR) of the ratiometric fluorescence transients induced
by single APs, as defined in a separately described signal detec-
tion theoretical framework?®. Under conditions in which AP

detection is limited by optical shot noise, this measure of SNR
allowed us to calculate the probability of correctly detecting a
spike (Pp,) given a fixed false positive rate of 5%. We calculated
the time over which SNR decays from 4 (P, = 99%) to 2 (P, =
64%) because of photobleaching at a fixed excitation intensity.
The SNR decay time of VSFP-CR was 6.3 times longer than that
of VSFP2.3 (Supplementary Fig. 14). These results indicate that
VSEP-CR can be used to detect APs for a longer time than can
VSFP2.3 when excitation powers are adjusted for equal initial
SNR or that it can be used to detect APs with higher SNR than
can VSFP2.3 for equal measurement periods.

Detection of growth-cone RhoA responses
To further determine whether Clover and mRuby2 could improve
detection of biochemical events, we investigated RhoA activation
during cue-dependent retraction of axonal growth cones. Ephrin
stimulation induces growth-cone retraction that begins over sev-
eral minutes and is complete by 20 min (Supplementary Fig. 15),
a process that involves RhoA*%4!. Biochemical assays in lysates
detect RhoA activation at 30 min in central nervous system neu-
rons undergoing axon extension, but they cannot discern RhoA
activity in neuronal growth cones, neuronal cell bodies or astro-
cytes, which also express EphA receptors*2. We asked whether
the Raichu-RhoA reporter?? could show rapid RhoA activation
specifically in growth cones in response to ephrins. Raichu-RhoA
has been used to demonstrate RhoA activation during collapsin-
mediated growth-cone collapse of dorsal root ganglion growth
cones®3, but it has not been used to report RhoA activation in the
smaller central nervous system neuronal growth cones.
Although Raichu-RhoA with super-ECFP (SECFP) and SEYFP
already demonstrates a FRET dynamic range approaching E = 0.5
(Fig. 1d), we investigated whether it could be further improved
with Clover and mRuby2. Raichu-RhoA enables convenient test-
ing because it can be encoded in either primarily activated or inac-
tivated forms using Q63L or T19N mutations in the RhoA GTPase
(Fig. 4a). The original Raichu-RhoA displayed a 30.6 + 0.8%
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Figure 4 | Reporting of fast local RhoA activation in neurons with
Raichu-RhoA-CR. (a) Design of Raichu-RhoA-CR, based on Raichu-RhoA.
PKN, protein kinase N. (b) Ephrin-A stimulation locally activated RhoA
in a hippocampal growth cone (asterisks) from the first time point
after stimulation. Scale bar, 10 um. (c) Raichu-RhoA-CR acceptor/donor
emission ratio change (AR/R,;) graphed as mean + s.e.m. (n = 5 cells).
Peak ratio change (asterisk) was significantly different from baseline by
two-tailed t-test (P =0.0187). (d) With Raichu-RhoA, peak ratio change
was not significantly different from baseline (P = 0.468, n = 8 cells).

(mean * s.e.m., n = 3 wells) peak acceptor/donor emission ratio
change between Q63L and T19N mutants corresponding to
a FRET dynamic range of 0.39-0.48 (Fig. 1d). Raichu-RhoA-
Clover-mRuby2 (Raichu-RhoA-CR) displayed a significantly
greater ratio change of 79.5 + 1.9% (n = 3 wells, P = 2 x 107°)
corresponding to a wider FRET dynamic range of 0.25-0.47
(Supplementary Fig. 16). The lower FRET in the T19N form of
Raichu-RhoA-CR may be due to the inability of Clover-mRuby2 to
dimerize, whereas weak dimerization between CFPs and YFPs has
been shown to contribute to basal and induced FRET?%. We also
estimated FRET E by acceptor photobleaching, obtaining 0.51 +
0.056 and 0.10 + 0.004 (n = 3) for active and inactive Raichu-
RhoA-CR, reasonably close to the spectra-based calculations. The
lower pK, of mRuby2 compared to those of YFPs (Table 1) should
render FRET between Clover and mRuby2 more independent
of pH than FRET between a CFP and a YFP. Indeed, FRET in
Raichu-RhoA-CR was stable between pH 6.5 and 7.5, in contrast
to the original Raichu-RhoA (Supplementary Fig. 16).
mTurquoisel and mTurquoise2 are recently described CFPs
with dramatically increased quantum yields compared to those
of previous CFPs**44, which would be expected to improve r,. We
used these new CFPs (which contain the monomerizing muta-
tion A206K) as FRET donors for the highly absorbing SEYFP
(¢=101,000 M~! cm™!). FRET E in the inactive state was nearly
unchanged (0.41 for mTurquoisel and 0.42 for mTurquoise2,
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versus 0.39 for SECFP, Supplementary Fig. 16), suggesting that
the opposing effects of a higher r,, and increased monomerization
were approximately balanced. As expected, FRET E in the active
state increased with the improved CFPs (0.58 for mTurquoisel and
0.59 for mTurquoise2, versus 0.48 for SECFP). Notably, emission
ratio changes with the new CFP donors were still lower than those
with Raichu-RhoA-CR (50.0 + 3.3% for mTurquoisel and 46.4 +
0.2% for mTurquoise2 versus 79.5 + 1.9% for Clover-mRuby2,
n = 3 wells each). Spectral modeling shows that Clover-mRuby2
would generate a higher ratio change if restricted to the FRET E of
mTurquoisel-SEYFP or mTurquoise2-SEYFP, probably owing to
improved separation of donor and acceptor emissions. Similarly,
mTurquoisel-SEYFP and mTurquoise2-SEYFP pairs would gen-
erate lower ratio changes than would Raichu-RhoA-CR at the
FRET E of Clover-mRuby2 (Supplementary Fig. 16). These com-
parisons confirm that the Clover-mRuby2 pair can widen FRET
dynamic range, increase emission ratio changes and improve
pH stability as compared to CFP-YFP pairs, even with recent
CFP improvements.

We next used Raichu-RhoA-CR to visualize RhoA activity in
growth cones of hippocampal and cortical neurons from 18-d-old
rat embryos before and during ephrin stimulation. Bath treatment
by preclustered ephrin-A4 and ephrin-A5 induced rapid growth-
cone retraction accompanied by Raichu-RhoA-CR activation
(Fig. 4b). In neurons in which the cell body and axonal growth
cone were both visible (Fig. 4b and Supplementary Video 2),
RhoA activation occurred in the growth cone from the first time
point (3 min) after stimulation, when the cell body did not show
RhoA activity discernable over baseline. Raichu-RhoA-CR signal
then decayed between 6 and 18 min after stimulation while the
growth cone shrank. Peak Raichu-RhoA-CR activation occurred in
responding growth cones at 6 min and was significantly different
from baseline (P = 0.0187, n = 5, Fig. 4c). In contrast, the original
Raichu-RhoA could not detect changes in RhoA in respond-
ing neurons (Fig. 4d). These results with Raichu-RhoA-CR
reveal that RhoA activation by ephrins can indeed occur with
fast kinetics preceding growth-cone retraction and with high
spatial specificity.

DISCUSSION

We show in four FRET reporters—Camuio, AKAR2, VSFP2.3
and Raichu-RhoA—that simple substitution of Clover-mRuby2
in place of the original CFP-YFP pairs confers improvements in
FRET dynamic range and emission ratio changes without requiring
further optimization. The new voltage sensor, VSFP-CR, exhibits
larger ratiometric changes than its parent, VSFP2.3, previously the
most practically useful genetically encoded voltage indicator’”.
The brightness of VSFP-CR enables detection of single APs in
cultured neurons with improved SNR, and its photostability, espe-
cially in the acceptor channel, extends its imaging time relative to
that of VSFP2.3. VSFP-CR also should be more useful for voltage
sensing than the recently described archaerhodopsin ArchD95,
which exhibits voltage-sensitive fluorescence®>. ArchD95 fluo-
rescence changes over baseline are larger than those of VSFP-CR,
but its quantum yield (0.0004) is orders of magnitude lower than
those of Clover (0.76) and mRuby (0.38). Imaging single APs
with VSFP-CR can thus be performed at orders-of-magnitude-
lower powers than is required for ArchD95 (~0.01 W mm™>
here versus ~10 W mm~2), making single-cell and population
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imaging of APs accessible using conventional arc lamps and
without using high-numerical aperture oil objectives. Recently,
a new VSFP variant with Citrine YFP and mKate2 RFP flanking
the voltage-sensing domain was found to exhibit a 15% maximal
emission ratio change with voltage sensitivity shifted to more
negative membrane potentials?®. This scaffold may serve as a
template for further improvements using Clover and mRuby?2 as
the FRET pair.

Experiments with the new RhoA sensor, Raichu-RhoA-CR,
demonstrate that Clover-mRuby2 can improve detection of fast
and localized cellular events. Our finding that localized RhoA
activation in growth cones following ephrin-A stimulation occurs
faster than previously detected by biochemical assays highlights
the importance of using real-time optical reporters to study spa-
tially regulated processes.

Clover-mRuby2 should allow FRET imaging with less phototox-
icity and a higher signal/background fluorescence ratio than CFP
and YFP, and it is compatible with blue lasers and excitation filters
common to most fluorescence microscopes. Clover and mRuby2
should facilitate the improvement of other existing FRET sensors
and the development of new ones. Further enhancement of bright-
ness, photostability, maturation and Stokes shifts in GFPs and RFPs
should be a generalizable approach that allows for continued system-
atic improvement of FRET reporter dynamic range in the future.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Genbank: Clover, JX489388; mRuby2, JX489389.
Expression plasmids are available through Addgene: AKAR2-CR,
40255; Camuio-CR, 40256; VSFP-CR, 40257; Raichu-RhoA-CR,
40258; Clover, 40259; mRuby2, 40260.

Note: Supplementary information is available in the online version of the paper.
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FRET-distance modeling. To model FRET-distance relationships,
we calculated theoretical emission spectra using the equation
FrotaD) = Ep(A)[(1 = E) X ¢py X fy () + Ex ¢, X f, (M)] + €, (4,,) X
fa(A), where f, ., is fluorescence at wavelength A, e5(4,)) is
extinction coefficient of the donor at the excitation wavelength,
E is FRET efficiency, ¢, is quantum yield of the donor, f,(4) is
normalized emission of the donor at wavelength A, ¢, is quan-
tum yield of the acceptor, f,(A) is normalized emission of the
acceptor at wavelength A and &,(4,,) is extinction coefficient
of the acceptor at the excitation wavelength. E for a measured
emission spectrum was then determined as the value of E (to two
significant digits) that gave the best fit between the theoretical
and measured emission spectra. An apparent interfluorophore
distance r was then calculated from the Forster equation
E=1/1+(5%/r9).

Plasmid construction. Plasmids were constructed by standard
molecular biology methods, including PCR, overlap extension
PCR and restriction fragment ligation, and were verified by
sequencing of all cloning junctions and PCR products. Further
details are described in the methods descriptions for specific
reporters below. Complete plasmid sequences are available
upon request, and plasmids are distributed through Addgene
(http://www.addgene.org/).

Protein production and characterization. Protein mutagenesis,
protein expression and protein purification from bacterial lysates
were performed as previously described®!. Clover-mRuby?2 tandem
fusion consisted of aa 1-228 of Clover fused to aa 3-227 of
mRuby2 via the linker sequence LESGGEDPMVSKGEE. Clover-
mCherry consisted of aa 1-228 of Clover fused to aa 1-231 of
mCherry via the linker sequence LESGGEDP. Photobleaching
measurements were taken on droplets of purified protein in PBS
within mineral oil using light from a 150-W xenon arc lamp
(Zeiss) at 100% neutral density passed through a 480/30-nm (for
Clover) or a 545/20-nm (for mRuby?2) excitation filter (Chroma),
focused with a 40x 1.2-numerical aperture (NA) C-Apochromat
water-immersion lens on an Axiovert 200M inverted microscope
(Zeiss). Photobleaching of CFPs was performed similarly, except
a 120-W mercury metal-halide arc lamp (Exfo) and a 440/20-nm
excitation filter (Chroma) were used. Photobleaching times were
normalized to reflect an illumination intensity initially produc-
ing 1,000 photons per s per molecule as previously described?.
Excitation and emission spectra on purified proteins were
acquired on a SPEX Fluorolog fluorometer (Horiba) or Safire2
(TECAN), absorption spectra were acquired on a Cary Eclipse
(Varian) or Safire2 (TECAN), and extinction coefficients and
quantum yields were calculated as in previous work3!.

To determine whether Clover would photoactivate in response
to short wavelength illumination, purified PA-GFP (A206K) and
Clover in PBS were illuminated with a 250-W metal-halide light
source (Moritex, MME 250) equipped with a 395/40-nm filter.
Purified protein was placed in a 96-well plate (black, flat bottom,
UV transparent) and illuminated for increments of time totaling
1,2,4,8, 16,32 and 64 min. At each interval, fluorescence excita-
tion and emission spectra were obtained with a Safire2 fluoro-
meter (TECAN). Excitation spectrum was obtained from 300 nm
to 574 nm (emission collected at 600 nm). Emission spectrum was
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obtained from 480 nm to 720 nm with 450-nm excitation light.
A 5-nm band pass was used for both excitation and emission.

HeLa and HEK293 cell culture and transfection. Unless other-
wise noted, cell culture and transfection was carried out as
described below. Cells were maintained in high-glucose Dulbecco’s
Modified Eagle Medium (DMEM, HyClone) supplemented with
10% FBS (Invitrogen) and 2 mM glutamine (Sigma) at 37 °C in air
with 5% CO,. Cells were transfected at 75-90% confluence with
Lipofectamine 2000 (Invitrogen) in 35-mm coverglass-bottom
dishes (In vitro Scientific) or LabTek 8-chamber slides (Nunc).
Transfections were carried out according to manufacturer instruc-
tions, except that amounts of DNA and transfection reagent were
halved to reduce cell toxicity. The medium was refreshed 4-6 h
after transfection. Cells were cultured for another 12-36 h before
experiments were performed.

Live-cell fluorescent protein photobleaching. Spinning disk
confocal and wide-field microscopy photobleaching experiments
were performed with fusions of Clover or mRuby2 to human
histone H2B to confine fluorescence to the nucleus. HeLa cells
were cultured in DMEM supplemented with 12.5% calf serum
on 35-mm Delta-T (Bioptechs) imaging dishes and transfected
1 d before imaging. Wide-field photobleaching was performed
on a Nikon TE2000 inverted microscope equipped with a Nikon
Plan Fluorite 40x dry objective (NA = 0.85) and an X-Cite
Exacte metal-halide lamp (Lumen Dynamics). Photobleaching
was conducted using BrightLine GFP-4050A and TRITC-B-000
filter cubes (Semrock) and a Newport 1918-C optical power
meter was used to verify that the illumination power at the
objective was 7.3 mW cm~2. Power moderation was achieved
by using an adjustable iris diaphragm contained within the
lamp. With the aperture opening set and neutral density filters
in the illuminator inserted (to avoid photobleaching), a region
containing 10-20 evenly bright nuclei was located. The neutral-
density filters were then removed from the light path, and the
region was photobleached continuously with a set exposure time
(75 ms for Clover and 100 ms for mRuby2) for 6 min (mRuby2)
or 9 min (Clover) for a total of 1,800-3,000 frames. Images were
collected with a QImaging Retiga EXi camera (Photometrics).
Multiple regions were photobleached to ensure that data for
30 nuclei could be averaged. The raw data were collected and
analyzed using NIS-Elements software (Nikon). Spinning disk
confocal photobleaching measurements were collected on a CSU
spinning disk confocal microscope with a 63x 1.4-NA Plan-Apo
oil-immersion objective (Zeiss) and FITC and TRITC filter sets
(Chroma). Lasers (488-nm diode for Clover and 561-nm diode
for mRuby2) were tuned to an output power of 6.2 mW cm™2
(Clover) or 3.43 mW cm~2 (mRuby2), at the objective, with a
FieldMax II-TO power meter (Coherent). Images were captured
using an Evolve electron-multiplied CCD camera (Photometrics)
with the gain multiplier turned off. For each image set, using
minimum laser power, a region of evenly bright nuclei was
located. The laser power was raised back to the bleach level
and each region was photobleached continuously for 5-8 min
for a total of 1,000-2,000 frames, with multiple regions bleached
to ensure data for 30 nuclei. Raw data were collected with
the AxioVision software (Zeiss) and then analyzed with NIS-
Elements software (Nikon).
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Ratiometric image analysis. FRET measurements were quanti-
fied using Image] (NIH). Raw 16-bit TIFF files were imported into
Image], then regions were drawn on random transfected cells for
reporter responses and on nontransfected cells for background
measurements. Emission ratios were obtained by calculating
background-subtracted FRET intensities divided by background-
subtracted donor intensities, except for Camuict and Camuia-CR,
for which net donor over net FRET ratios were calculated. Time-
course ratio measurements were normalized to baseline prestim-
ulation values. Additional analyses were performed for voltage
sensors as described below. Intensity-modulated displays were
generated using a full-spectrum lookup table with minimum
values in blue and maximum values in red and with intensity
modulation by the acceptor channel.

Camuia characterization and improvement. Camuio. was
generously provided by Y. Hayashi. Camuio was subcloned from
the pEGFP backbone into pcDNA3.1. For determination of the
operating FRET efficiency range of Camuio. with CFP-YFP, FRET
was determined in HEK293FT cell lysates. Two days following
transfection, cells were homogenized in CaMKII assay buffer
composed of 40 mM HEPES-NA (pH 8.0), 0.1 mM EGTA, 5 mM
magnesium acetate, 0.01% Tween-20, 1 mM DTT and protease
inhibitor cocktail (Roche). After centrifugation, supernatant was
transferred to a 96-well Special Optics flat-bottom tissue culture-
treated microplate (Corning). Fluorescence spectra before stimu-
lation were obtained on a Safire2 (TECAN) fluorometer using
430-nm excitation light with 5-nm bandwidth. Emission was col-
lected from 460 to 650 nm in 1-nm steps with 5-nm bandwidth.
To activate the reporter, 1 mM calcium was added in the presence
of 1 uM calmodulin (Calbiochem) and 50 uM ATP (Calbiochem)
at room temperature. Spectra was measured after activation.

To construct Camuici-CR, Clover (aa 1-228) was amplified with
an N-terminal Nhel site and a C-terminal extension encoding the
linker between Venus and the CaMKIIo domain. The CaMKIIo
domain flanked by linkers on either end was PCR amplified.
mRuby?2 (aa 1-237) was PCR amplified with an N-terminal exten-
sion encoding the linker following the CaMKIIo. domain and
with an Apal restriction site at the C terminus. The full insert was
assembled by overlap PCR and cloned into the pcDNA3.1 back-
bone using restriction sites Nhel and Apal. Circular permutants
of Clover were constructed by amplifying two pieces: (i) Clover
(aa 157-228 or aa 173-228) with an Nhel restriction site and a
start codon at the N terminus and a 5-aa linker GGSGG at the
C terminus, and (ii) Clover (aa 1-156 or aa 1-172) with the GGSGG
linker at the N terminus plus overlap with the linker preceding the
CaMKIIo domain. The full circularly permuted protein sequence
was assembled by overlap PCR and then used to assemble the full
reporter sequence in a second overlap-PCR step.

For microscopy experiments, cells were cultured and trans-
fected in chamber slides and imaged 2 d following transfection.
Cells were serum starved in serum-free DMEM for 4-6 h and
then washed two times with Hank’s Balanced Salt Solution (HBSS,
HyClone) and maintained in HBSS with 2 mM calcium. Cells
were imaged using a cooled CCD camera (SPOT Pursuit USB2.0)
and a 40x 1.2-NA C-Apochromat water-immersion objective
on an Axiovert 200M inverted microscope (Zeiss) controlled
by Micro-manager 1.4 software® on a 17-inch 2.5-GHz Core 2
Duo MacBook Pro running Mac OS 10.6.8 (Apple). Illumination
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was provided by an Exfo metal-halide light source attenuated
with a 10% neutral-density filter. Consecutive FRET and
donor emission images were acquired with the following filters
(ex, excitation; em, emission): ex 440/20 nm and em 480/40 nm
for CFP, ex 440/20 nm and em 535/35 nm for CFP-YFP FRET,
ex 485/30 nm and em 530/40 nm for Clover, and ex 485/30 nm
and em 595/70 nm for Clover-mRuby2 FRET. After baseline acqui-
sition for 6 min, cells were stimulated with 1 uM of the calcium
ionophore ionomycin, and images were acquired for 10 min.

AKAR2 characterization and improvement. To construct
AKAR2-CR, a PCR fragment encoding Clover (aa 1-228) was
cloned between restriction sites BamHI and Sphl to replace CFP,
and a PCR fragment encoding mRuby2 (aa 1-237) was cloned
between Sacl and EcoRI to replace YFP in AKAR2. To determine
the operating FRET efficiency range of AKAR2 with CFP-YFP,
transfected HEK293 cells expressing AKAR were trypsinized and
transferred to 96-well Special Optics flat-bottom tissue culture-
treated microplates 2 d after transfection. Cells were allowed to
adhere for 3 h at 37 °C and 5% CO, in DMEM with 10% FBS
and then were incubated in serum-free DMEM for 3 h. Cells
were then washed twice with PBS and transferred to Dulbecco’s
Phosphate Buffered Saline (DPBS, Invitrogen). Emission spectra
before and after stimulation with 50 M forskolin (Cell Signaling
Technology) and 3-siobutyl-1-methylxanthine (100 uM IBMX,
Cell Signaling Technology) were then obtained using a Safire2
fluorometer (TECAN) with settings as above for Camuio.

For time-lapse imaging, HeLa cells were transfected and cul-
tured for two days on glass-bottom dishes in DMEM with 10%
FBS and were then incubated in serum free DMEM for 3 h. Cells
were imaged with a C-Apochromat 40x 1.2-NA water-immersion
objective on a Zeiss Axiovert 200M controlled by a custom-built
computer running Windows XP (Microsoft) and Meta-Fluor
software (Molecular Devices). Excitation light from a 150-W
xenon arc lamp was passed through a 10% neutral-density filter.
Consecutive FRET and donor emission images were acquired
with 500 ms exposures each every 15 s with the following fil-
ters: ex 420/20 nm and em 475/40 nm for CFP, ex 420/20 nm
and em 535/25 nm for CFP-YFP FRET, ex 460/20 nm and
em 535/45 nm for Clover, and ex 460/20 nm and em 595/50 nm
for Clover-mRuby2 FRET. Signal/noise ratio was calculated as
mean ratio change divided by standard variation of the eight
time points from 4 to 6 min after stimulation. Conditions for
continual imaging of AKAR-CR were similar, except illumina-
tion was continual and emission filters were cycled between
535/45 nm for Clover and 595/50 nm for mRuby2 as quickly as
possible. Under these conditions, we estimate the excitation rate
per molecule of Clover to be 4.3% of that used in the normalized
in vitro photobleaching conditions.

Quantification of cellular autofluorescence. Animal experi-
ments were performed in accordance with the rules of the
Stanford University Administrative Panel on Laboratory Animal
Care. Rat hippocampal cells were dissected from postnatal day 0
Sprague-Dawley pups (Charles River Labs), dissociated with
papain and cultured in Neurobasal medium supplemented with
glutamine and B27 (Invitrogen) as previously described®!. At
9 d in vitro, cells were fixed with 4% paraformaldehyde at room
temperature for 20 min, washed in PBS and imaged on an FV1000
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laser scanning confocal microscope (Olympus) through a 40x
1.3-N.A. oil-immersion objective. Powers of 440 nm and 488 nm
laser lines were quantified using an X-Cite XP750 power sensor
connected to an XR2100 power meter (Exfo). Autofluorescence
in the CFP channel was imaged using the 440-nm laser at
25 W and a 480/40-nm emission filter. Autofluorescence in the
GFP channel was imaged using the 488nm laser at 25 uW and
a 600/60-nm emission filter. Image] was used to quantify
background-subtracted whole cell autofluorescence.

Voltage sensor characterization and improvement. pcDNA3.1(-)
VSEP2.3 was constructed from pcDNA3.1(-)VSFP2.1 (Addgene
accession no. 16255) using site-directed mutagenesis and was sub-
cloned between the Nhel-HindIII sites of pcDNA3.1/Puro-CAG,
a pcDNA3.1 derivative in which a cytomegalovirus enhancer and
chicken B-actin promoter replace the cytomegalovirus enhancer-
promoter. We constructed VSFP-CR by PCR overlap assembly to
fuse PCR fragments encoding the voltage-sensitive domain and
15-aa phosphobinding motif from VSFP2.3, Clover aa 1-228, the
linker LESGGE and mRuby2 aa 1-237, and we cloned the sequence
between the Nhel-HindIII sites of pcDNA3.1/Puro-CAG.

For quantification of voltage-sensor membrane localiza-
tion, dissociated rat hippocampal neurons were transfected
7 d after plating using Lipofectamine LTX (Invitrogen) accord-
ing to the manufacturer’s instructions. At 9 d in vitro, cells
were fixed with 4% paraformaldehyde at room temperature for
20 min, washed in PBS and imaged on an FV1000 laser scan-
ning confocal microscope (Olympus) through a 40x 1.3-NA oil-
immersion objective. CFPs were imaged using a 440-nm laser
and a 480/40-nm emission filter, YFPs with a 515-nm laser and
a 580/100-nm emission filter, GFPs with a 488-nm laser and a
530/40-nm emission filter, and OFPs with a 559-nm laser and
a 600/60-nm emission filter. Neurons with intermediate levels
of sensor expression were chosen for imaging. Neurons with
low expression levels were discarded because of signal insuf-
ficiency; overexpressors were discarded because they usually
showed abnormal morphology. A single slice located approxi-
mately midway between the top and bottom of each neuron
was imaged using a 1-Airy pinhole setting. Data analysis was
performed blind. Image] (NIH) was used for manual tracing of
the plasma membrane and for quantification of background-
subtracted total and membrane-only fluorescence.

For depolarization experiments, neurons were electroporated
after dissection before plating, and stimulated at 3 d in vitro by
addition of 150 mM KCl to a final concentration of 50 mM while
imaging was performed at 1 min intervals at room temperature.
Cells were imaged using a cooled CCD camera (Hamamatsu Orca
AG) and a 40x 1.2-NA C-Apochromat water-immersion objective
on an Axiovert 200M inverted microscope (Zeiss) controlled by
a 17-inch 2.5-GHz Core 2 Duo MacBook Pro running Mac OS
10.6.8 (Apple) and Micro-manager 1.4. For patch-clamp experi-
ments, cultured neurons were transfected after 4-7 days in vitro
using calcium phosphate. Two days after transfection, cells were
patch-clamped at 20 °C using an Axopatch 700B amplifier (Axon
Instruments) with borosilicate glass electrodes with resistances of
3-6 MOhm. Cells were superfused in a chamber mounted on the
stage of a BX51WI epifluorescent microscope with a 40x 0.8-NA
water-immersion objective (Olympus). The extracellular solution
contained 150 mM NaCl, 4 mM KCl, 10 mM glucose, 10 mM

doi:10.1038/nmeth.2171

HEPES, 2 mM CaCl, and 2 mM MgCl,. The intracellular solu-
tion contained 129 mM K-gluconate, 10 mM KCI, 10 mM HEPES
and 4 mM ATP.

Fluorescence traces were measured while cells were voltage-
clamped or current-clamped in whole-cell mode. Access resist-
ances were 5-25 MOhm and were monitored throughout the
recording. Step voltage depolarizations were applied to change
the membrane potential from a holding voltage of —70 mV to
voltages ranging from —120 mV to 100 mV in 20-mV steps for 1 s.
To generate action potentials, 1 nA of current was injected for 2 ms.
Electrode voltages and currents were recorded using pClamp
(Axon Instruments) and analyzed using custom software written
in MATLAB. Voltage traces were corrected for the junction poten-
tial post hoc. To measure the fast on-kinetics of Clover, emission
was passed through a 520/40-nm band-pass filter to a Hamamatsu
R6357 PMT and sampled at 5-10 kHz.

Fluorescence excitation was delivered using a mercury arc lamp
passed through either a 435/20- or 475/25-nm excitation filter
(for CFP-YFP and Clover-mRuby2 FRET pairs, respectively).
Fluorescence emission was passed through a 455-nm dichroic
or 495-nm dichroic and long-pass emission filter (for CFP-YFP
and Clover-mRuby2, respectively) to a DualView emission splitter
(Optical Insights). Emission was then split by a 505-nm dichroic
and passed through 465/30-nm and 535/30-nm emission filters
(CFP-YFP) or a 565-nm dichroic and 520/40-nm and 630/50 nm-
emission filters (Clover-mRuby2). Emission was recorded at 100 Hz
by an Andor iXon 897 electron-multiplied charge-coupled device
camera cooled to —80 °C. To avoid intracellular aggregates, pixels
were ranked by their signal/noise ratio and the top 5% (patch-
clamp analysis) or 15% (evoked AP analysis) of all image pixels
(including background) were summed to produce fluorescence
time traces for further analysis. Peak/noise ratios were defined
as the ratio of baseline-subtracted peak emission ratio changes
and the s.d. of the baseline trace in 100-ms windows before and
after the AP train. Noise in fluorescence traces was found to approach
the theoretical limit set by electron multiplication—amplified shot
noise for the individual channels and for their ratio.

Integrated photon output and signal/noise ratio decay
measurements. Photobleaching curves of donor and acceptor
channels were acquired on multiple neurons patch clamped in
current clamp mode with 488-nm (for VSFP-CR) and 445-nm
(for VSFP2.3) lasers (OBIS, Coherent) at 10 W cm 2. Cellular
emission intensities F in photons per s were calculated using the
known gain settings of our camera. Photobleaching time con-
stants 7 in the donor and acceptor channels were derived from
monoexponential fits to baseline fluorescence at the cellular rest-
ing potential. The number of emitted photons was calculated as
N = I:Fexp(—t/’r)dt =Ft
The SNR of an AP is defined in a separate manuscript®®, where
the SNR describes the tradeoff between true and false detections
of APs by the relation P, =1 - DD (1 - Pp) - SNR], where P}, is
the detection probability, Py, is the false positive rate and @ is the
cumulative distributive function of a standard normal distribu-
tion. The fluorescence transient evoked by an AP was modeled to

be a step function followed by a monoexponential decay equal to
the off time of the probe 7 . In the limits of high photon counts
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and small acceptor/donor ratiometric changes AR/R,, << 1, the
SNR of an AP is (AR/R ) x [F,F,t ¢ /(2F, + 2F,)]V/2, where F,
and F, are the intensities of the donor and acceptor. Assuming a
reciprocal relation between excitation intensity and photobleach-
ing time, the time to decay from an AP SNR of 6 to 6/2 was found
to equal T} , = In(4) x SNRC? x 7 /26% where SNRC, the signal-
to-noise capacity, is a dimensionless measure of a probe’s ability
to report activity and is defined as the instantaneous peak/noise
ratio of a probe integrated over all time. For a ratiometric indica-
tor, with donor and acceptor bleaching time constants 7, and 7,

SNRC? = (AR/Ryp)* FF, j: dt /(F exp(t/ty) + B, exp (t/7,))

Raichu-RhoA characterization and improvement. pCAGGS-
Raichu-RhoA waskindly provided by M. Matsuda. Raichu-RhoA-CR
was constructed by replacing SEYFP with Clover (aa 1-227) at
restriction sites EcoRI and XhoI and SECFP with mRuby2 (aa 1-238)
at restriction sites Notl and Xbal in pCAGGS-Raichu-RhoA.
Raichu-RhoA-mTurquoisel and Raichu-RhoA-mTurquoise2
were constructed similarly by replacing SECFP with mTurquoisel
and mTurquoise2 at restriction sites Notl and Xbal. To deter-
mine operating FRET efficiency, HEK293FT cells expressing
dominant-negative (T19N) or constitutive-active (Q63L) vari-
ants of each reporter were trypsinized and transferred to a 96-well
plate. Emission spectra were obtained with a Safire2 (TECAN)
with the same measurement parameters as used for Camuic. To
determine the pH dependency of FRET efficiency, HeLa cells
transfected with Raichu-RhoA and Raichu-RhoA-CR (Q63L and
T19N for each construct) were lysed 2 d after transfection in lysis
buffer at a range of pHs. The buffer consisted of 20 mM Tris-HCI
(pH 6.5, 6.75, 7.0, 7.25 or 7.5), 100 mM NaCl, 0.5% Triton
X-100 and 5 mM MgCl,. Following lysis, fluorescence spectra was
obtained with the Safire2 fluorometer.

To measure FRET efficiency through acceptor photobleach-
ing, HEK293FT cells transfected with Raichu-RhoA-CR were
collected and transferred to a 96-well plate with clear, flat bot-
toms and black walls. Cells were imaged and bleached with the
40x 1.2-NA C-Apochromat water-immersion objective on an
Axiovert 200M (Zeiss). Illumination was provided by an Exfo
metal-halide light source. FRET and donor images were acquired
before acceptor photobleaching. mRuby2 was bleached at 100%
neutral density using 545/10-nm light until <5% initial fluo-
rescence intensity remained. Donor and FRET emission images
were acquired after and before bleaching with the same settings.
Image] was used for analysis. Whole cells were selected as regions
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to measure donor fluorescence before and after acceptor pho-
tobleaching. FRET efficiency was determined as 1 minus the
fraction of remaining Clover signal. The same process was used
with Raichu-RhoA, but bleaching of SECFP precluded the deter-
mination of FRET efficiency.

For growth-cone retraction experiments, primary hippocampal
or cortical neurons were dissected from embryonic day 18 rats
(Charles River Labs) and dissociated with papain as previously
described*!. Neurons were transfected by electroporation with a
rat neuron Nucleofector kit (Lonza) and plated in chamber slides.
Prior to plating, slides were coated by incubating with 0.25 mg mL~!
poly-D-lysine (Sigma) in borate buffer for 12-24 h, washing three
times with water for 15 min each, incubating with 18 pg mL™!
laminin (BD Biosciences) in Neurobasal medium for 12-16 h,
and washing three times with water for 15 min each. Neurons
were plated in Neurobasal medium with Glutamax, penicillin
and streptomycin, and 5% FBS (all purchased from Invitrogen).
Plating medium was replaced 12 h later with phenol red-free
Neurobasal medium with Glutamax and B27. Neurons were
imaged 1-2 d after transfection in HBSS with the 40x 1.2-NA
C-Apochromat water-immersion objective on the Zeiss Axiovert
200M. Next, 10 ug mL~! of ephrin-A4-Fc and ephrin-A5-Fc
(R&D Systems) were separately preclustered with 50 g mL~!
of goat anti-human IgG (H+L) (Jackson ImmunoResearch) for
1 h and then mixed. Baseline measurements were taken in FRET
donor and acceptor channels every 3 min for 21 min. Preclustered
ephrin-A was added to chambers at a final concentration of 5 ug
mL! of ephrin-A and 25 pg mL~! of IgG. FRET imaging was
continued for another 21 min.

Statistical methods. Statistical comparisons between single pairs
of preidentified measures of interest were performed with a two-
tailed Student’s ¢-test with significance level set at o¢= 0.05 unless
otherwise stated. F-tests were used to determine the equivalence
of variance for each comparison, and ¢-tests assuming equal or
unequal variances were selected accordingly. For statistical com-
parisons between voltage reporters for responses at a series of
voltages above and below the holding potential, a two-tailed
Student’s t-test was performed for which the P value required for
statistical significance at the o < 0.05 level was adjusted to 0.005
by the Bonferroni method. Statistical tests were performed in
Excel (Microsoft) and MATLAB (MathWorks).

51. Edelstein, A., Amodaj, N., Hoover, K., Vale, R. & Stuurman, N. Computer
control of microscopes using uManager. Curr. Protoc. Mol. Biol. 92, 14.20
(2010).
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