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Engineering rhodopsins’ activation spectra using a
FRET-based approach
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ABSTRACT In the past decade, optogenetics has become a nearly ubiquitous tool in neuroscience because it enables re-
searchers to manipulate neural activity with high temporal resolution and genetic specificity. Rational engineering of optogenetic
tools has produced channelrhodopsins with a wide range of kinetics and photocurrent magnitude. Genomemining for previously
unidentified species of rhodopsin has uncovered optogenetic tools with diverse spectral sensitivities. However, rational engi-
neering of a rhodopsin has thus far been unable to re-engineer spectral sensitivity while preserving full photocurrent. Here,
we developed and characterized ChroME-mTFP, a rhodopsin-fluorescent protein fusion that drives photocurrent through För-
ster resonance energy transfer (FRET). This FRET-opsin mechanism artificially broadened the activation spectrum of the
blue-green-light-activated rhodopsin ChroME by approximately 50 nm, driving higher photocurrent at blue-shifted excitation
wavelengths without sacrificing kinetics. The excitation spectra’s increase at short wavelengths enabled us to optogenetically
excite neurons at lower excitation powers with shorter wavelengths of light. Increasing this rhodopsin’s sensitivity to shorter,
bluer wavelengths pushes it toward dual-channel, crosstalk-free optogenetic stimulation and imaging with green-light-activated
sensors. However, this iteration of FRET-opsin suffers from some imaging-light-induced photocurrent crosstalk from green or
yellow light due to maintained, low-efficiency excitation at longer wavelengths.
SIGNIFICANCE Neuroscientists investigate relationships between genetically diverse ensembles of neurons. They
aspire to dual-channel experiments that ascertain correlation and causation by either successively stimulating groups of
neurons or stimulating one group and recording from another. Such experiments rely on spectrally separable optogenetic
tools that stimulate neural activity with light. This work presents a first step toward manipulating the light wavelength
sensitivity of optogenetic tools without directly engineering the rhodopsin’s channel. By pairing a rhodopsin with the
appropriate fluorescent protein FRET partner, we demonstrated a straightforward and potentially generalizable method to
blue-shift a rhodopsin’s excitation spectrum by 50 nm. This spectral broadening increased the spectral separation between
our FRET-rhodopsin complex and green-light-sensitive protein tools, pushing them toward crosstalk-free, two-channel
neuroscience experiments.
INTRODUCTION

Neuroscientists employ several classes of genetically en-
coded protein tools to study the neural circuits that encode
information in the brain. One such class of tools is optoge-
netic actuators, including light-activated ion channels and
pumps. These actuators enable researchers to exert precise
control over neural circuits by exciting genetically defined
populations of neurons with a range of light wavelengths
(1–12). Optogenetic stimulation of subpopulations of indi-
vidual neurons has recently been shown to influence
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behavior in awake animals (13–15). Advancing the ability
to precisely control optogenetic stimulation of such subpop-
ulations will enable the neuroscience field to perform
refined perturbations of neural circuits with high temporal
precision, high responsiveness, and accurate selectivity.

Recent engineering of various rhodopsins has resulted in
a large suite of optogenetic tools that elicit a wide range of
photocurrents with a wide range of on and off kinetics
(8,11,12,16). Highly sensitive rhodopsins support robust
activation of larger neural populations with low excitation
powers and exposure times, while rapidly responsive rho-
dopsins support temporally precise neural activation. In
addition to engineering photocurrent and speed, engineer-
ing a rhodopsin’s excitation spectrum is also important: a
rhodopsin’s excitation spectrum dictates its applicability
Biophysical Journal 121, 1765–1776, May 3, 2022 1765

mailto:connor.beck@duke.edu
mailto:yiyang.gong@duke.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2022.03.024&domain=pdf
https://doi.org/10.1016/j.bpj.2022.03.024


Beck and Gong
in specific types of neuroscience experiments. Single-chan-
nel experiments that seek to perturb single populations of
neurons may be better served by a green- or yellow-light-
sensitive rhodopsin due to longer wavelengths’ reduced
scattering compared with blue light. Dual-channel experi-
ments that seek to perturb or image multiple neural popu-
lations must employ two genetically encoded tools with
mutually exclusive excitation wavelengths. One example
experiment in this class is the simultaneous optogenetic
stimulation of one genetically defined subset of neurons
and imaging of activity from a second subset of neurons
to determine how the first population influences the activity
of the second. Such an experiment requires high spectral
separation between each tool’s excitation spectrum to mini-
mize off-target excitation of rhodopsin-expressing neurons.
To minimize this crosstalk, the excitation spectrum of the
rhodopsin actuator should not overlap with the excitation
spectrum of the genetically encoded indicator.

Rationally designed engineering of rhodopsin actuators
has been only partially successful in supporting multi-
channel optical experiments, likely for two reasons. First,
unlike modulations in sensitivity and kinetics that can
often be achieved through targeted mutagenesis of key
residues in a rhodopsin’s sequence, modulating rhodop-
sins’ activation spectra, or the range of wavelengths to
which rhodopsins are sensitive, via directed evolution
while maintaining their original sensitivity has not been
straightforward (17–21). Instead, identifying or devel-
oping rhodopsins with novel excitation spectra has histor-
ically resulted from either genome mining for new
rhodopsins (4,8,22,23) or by developing chimeric rhodop-
sins by fusing subunits of multiple rhodopsin species
(4,6,8,24,25). Both of these methods require large scale
in screening and characterization. Second, most pairings
of highly sensitive rhodopsins and genetically encoded
sensors suffer from varying levels of crosstalk due to
incomplete separation of the rhodopsin’s and sensor’s
excitation spectra. To achieve spectral separability be-
tween a sensor and actuator, researchers have often em-
ployed red-light-activated rhodopsins like C1V1 in
conjunction with blue-light-sensitive indicators (26–28).
However, this paradigm often results in inadvertent exci-
tation of the rhodopsin by the imaging source due to the
long tail of many rhodopsins’ excitation spectra to the
blue side of their peak activation wavelengths. For
example, recently developed tools such as ChroME, a
rhodopsin with enhanced two-photon photocurrent and ki-
netics developed through site-directed mutagenesis of the
fast, cyan-light-activated rhodopsin Chronos, suffer from
imaging-laser-induced photocurrent crosstalk upon direct
excitation by 930-nm lasers used for two-photon imaging
of green fluorescent sensors due to incomplete spectral
separation (11). In the one-photon excitation domain,
this crosstalk is even more pronounced. ChroME’s one-
photon excitation spectrum highly overlaps with
1766 Biophysical Journal 121, 1765–1776, May 3, 2022
GCaMP’s; their peak excitation wavelengths are separated
by only approximately 20 nm.

Alternatively, one could employ a blue-light-sensitive
rhodopsin in conjunction with a yellow-light-activated red
fluorescent sensor (29). This paradigm takes advantage of
the sharp decrease in rhodopsins’ excitation efficiency on
the red edge of their activation spectra, minimizing off-
target excitation of targeted neurons. ChroME is only some-
what compatible with red fluorescent sensors such as
jRCaMP or jRGECO, but spectral overlap remains an issue:
off-peak excitation of ChroME by one-photon 560-nm light
used for imaging can still produce significant photocurrent.

In order to improve the spectral separability of optoge-
netic tools and genetically encoded sensors, it would be
beneficial to develop rhodopsins with activation spectra
blue-shifted from the state-of-the-art, high-sensitivity rho-
dopsins such as CoChR (8) and ChroME (11). Such a tool
would ideally maintain the photocurrent sensitivity and
fast kinetics of the parent rhodopsin while shifting its spec-
tral sensitivity. In this work, we developed a rhodopsin
construct that enhances the rhodopsin’s response to shorter
wavelengths through Förster resonance energy transfer
(FRET) via fusion to a cyan fluorescent protein (CFP).
This fusion facilitated excitation of the rhodopsin via
FRET when the CFP was excited by blue light. Previous
work has demonstrated fluorescent protein-rhodopsin inter-
actions through both radiative and non-radiative excitation
pathways. Fusing channelrhodopsins with luciferase
demonstrated that radiative excitation of rhodopsins from
nearby emitters could facilitate photocurrent (30,31). In
contrast, non-radiative FRET has been employed in the
development of genetically encoded voltage indicators
(32–37) and FRET-assisted biosensors (38). Additionally,
in a recent study characterizing a novel rhodopsin, an
enhanced yellow fluorescent protein tag facilitated a red-
light-activated rhodopsin’s photocurrent (39). In this work,
we build on this interaction and perform analyses that
enable us to modulate the amplitude of this FRET effect
for a cyan-light-activated rhodopsin. FRET enabled us to
boost photocurrent and maintain fast kinetics at blue-shifted
wavelengths relative to the rhodopsin’s original activation
spectrum. Rather than directly engineering the rhodopsins
themselves, we instead rationally paired the protein with
one of several engineered CFPs to enable high-FRET-effi-
ciency excitation of the rhodopsin acceptor.
MATERIALS AND METHODS

Plasmid construction

We used overlap PCR to construct all plasmids including the mutation of

Chronos to ChroME and fusion of either Rosmarinus (RSM) (40) or

mTFP1 (41) to a truncated version of ChroME. We performed a second

overlap PCR to fuse the targeting sequence (TS)-endoplasmic reticulum

(ER) motif to the 30 end of each construct to improve membrane localiza-

tion. We expressed all constructs in a lentiviral backbone under the
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CamkIIa promoter. ChroMED15-mTFP is deposited on Addgene as

plasmid #184240.
Cell culture

We cultured HEK293T cells in Dulbecco’s modified Eagle’s medium

(DMEM) (Gibco, Waltham, MA) supplemented with 10% fetal bovine

serum (FBS) (Gibco, Waltham, MA) and 1% penicillin-streptomycin

(Gibco, Waltham, MA). We transfected cells using Lipofectamine 2000

(Thermo Fisher, Waltham, MA) 1 day after plating and imaged cells

2 days after transfection.

We cultured hippocampal neurons from P0 Sprague-Dawley rat pups

(Charles River Labs, Chapel Hill, NC) and cultured them in Neurobasal

Media A with B-27 (Gibco, Waltham, MA) and GlutaMAX (Gibco, Wal-

tham, MA) cell culture supplements. We treated neuron cultures with fluo-

rodeoxyuridine (FUDR) (Alfa Aesar, Ward Hill, MA) 2 days after plating to

inhibit glial cell growth, transfected cells via calcium phosphate transfec-

tion 3 days after plating, and imaged neurons 6–9 days after plating.
Electrophysiology

We recorded the photocurrent of each construct in HEK293T cells and

cultured rat hippocampal neurons using an Axon Digidata 1550A (Axon In-

struments, San Jose, CA) digitizer, Multiclamp 700A amplifier (Axon In-

struments, San Jose, CA), and pClamp software. We held HEK293T cells

at a �65 mV holding potential in voltage clamp mode and recorded the

photocurrent elicited by various wavelengths of light and pulse conditions.

We held neurons in current clamp mode and injected current to maintain a

�65-mV resting membrane potential. We performed a post hoc correction

to account for the electrode’s �10-mV junction potential.

We mounted all samples in a room temperature perfusion chamber. The

extracellular media consisted of 150 mM NaCl, 4 mM KCl, 10 mM

glucose, 10 mM HEPES, 2 mM CaCl2, and 2 mMMgCl2. The intracellular

solution contained 129 mMK-gluconate, 10 mMKCl, 10 mMHEPES, and

4 mM Na2ATP.
Optics

We used a 40�, 0.8 NAwater immersion objective (CFI Apo NIR 40� W,

MRD07420, Nikon, Melville, NY) for all imaging and photostimulation ex-

periments. For the simultaneous calcium imaging, we used a scientific com-

plementary metal-oxide-semiconductor (sCMOS) camera (OptiMOS,

QImaging, Tuscon, AZ) and imaged cells at 25–50 Hz.

We used Thorlabs mounted light-emitting diodes (LEDs) to excite

HEK293T cells for comparison of the peak photocurrent of each construct

at 450 nm (M450LP1, Thorlabs, Newton, NJ) and 490 nm (M490L4, Thor-

labs, Newton, NJ). The 490-nm LED passed through a 480/40-nm filter

(ET480/40m, Chroma, Bellows Falls, VT); the 450-nm LED light passed

through a 436/20-nm filter (ET436/20x, Chroma, Bellows Falls, VT) and

joined the 490-nm excitation path after reflecting off a 455-nm long-pass

dichroic (455dclp, Chroma, Bellows Falls, VT).

To image calcium activity in neurons with jRCaMP1b, we used a 595-nm

LED (M595L4, Thorlabs, Newton, NJ) with an intensity of 0.5 mW/mm2 at

the sample plane, 585/11-nm excitation filter (FF01-585/11, Semrock, Ro-

chester, NY), and 641/75-nm emission filter (FF02-641/75, Semrock, Ro-

chester, NY). This excitation light joined with the 450-nm

photostimulation light at a 593-nm long-pass dichroic (FF593-Di03-

25�36, Semrock, Rochester, NY).

To measure the activation spectra of ChroME-mScarlet and our FRET-

opsin variants, we constructed a custom monochromator to deliver light

ranging from 455 nm to 580 nm at intensities R0.1 mW/mm2 with

�14 nm of bandwidth (Fig. S1). We focused a high-power white LED

(SOLIS-3C, Thorlabs, Newton, NJ) onto a slit and collimated the light
that passed through onto a blazed diffraction grating (GR25-0605, Thor-

labs, Newton, NJ). This grating was mounted on a motorized, rotating stage

(CR1-Z7, Thorlabs, Newton, NJ) that horizontally translated the first-order

refracted light. This order then traversed a distance of �2800 before passing
through a second aperture that selected different wavelength components of

the refracted light; the width of this slit also tuned the width of the excita-

tion light spectrum. Finally, we used an f¼ 50 mm lens (LA1131, Thorlabs,

Newton, NJ) to refocus the selected portion of the spectrum into a liquid

light guide (LLG05-4H, Thorlabs, Newton, NJ). At the output of the liquid

light guide, we re-collimated the excitation light with a 25-mm aspheric

condenser lens (ACL2520U, Thorlabs, Newton, NJ) and coupled the light

into the excitation port of the microscope. We measured the spectral reso-

lution of the monochromator with a miniature spectrometer (FLAME-S-

VIS-NIR-ES, OceanOptics, Orlando, FL) and measured the intensity of

the output light at each wavelength with a power meter (PM100D, Thorlabs,

Newton, NJ).
Data analysis

All photocurrent data analysis was performed using custom MATLAB

scripts. Briefly, we isolated the photocurrent driven by individual pulses

in each cell and used the average peak as the peak photocurrent for each

cell to account for electronic noise introduced by the digitizer.

For spectral measurements, all photocurrent responses were recorded

using 0.1-mW/mm2 excitation at each wavelength. To account for the

different photon flux at each wavelength under fixed intensity, we applied

a scaling factor to each measurement using the equation,

IcorrectedðlÞ ¼ IoriginalðlÞ � l
�
l0; (1)

where l0 was the highest wavelength used, 580 nm. To determine the con-

structs’ off-kinetics, we used least-squares estimation in MATLAB to fit the

decay of the photocurrent after 5-ms light pulses to the equation,

photocurrent ¼ A exp
�
� t

t

�
þ c; (2)

where the Awas the current peak amplitude, t was off-time constant, and c

was the constant amplitude. To determine spike probability, we manually

inspected traces for all neurons. Spike probability was fit to a sigmoidal

function,

spike probability ¼ P0 þ 1� P0

1þ 10�
I50�I

k

; (3)

where I was the excitation power, P0 was the fitted spike probability at I ¼
0 mW/mm2, I50 was the fitted excitation power to achieve 50% spike prob-

ability, and k was the slope of the sigmoid curve.
RESULTS

We developed a rhodopsin-fluorescent protein fusion that
increased photocurrent mediated by excitation of a fluores-
cent protein donor and subsequent FRET to the rhodopsin
(Fig. 1 A). Our design employed a bright CFP as the donor
that could activate current from a paired rhodopsin acceptor.
The FRET donor can be maximally excited by blue light
with wavelengths�50 nm shorter than the rhodopsin accep-
tor’s peak excitation wavelength. The CFP’s emission spec-
trum shares a high overlap with the rhodopsin’s activation
spectrum. Therefore, by exciting cells expressing this
Biophysical Journal 121, 1765–1776, May 3, 2022 1767



FIGURE 1 FRET between a cyan fluorescent protein and rhodopsin leads to increased photocurrent at short wavelengths. (a) All ChroME-CFP variants

had 9–30 total amino acids truncated from the region linking ChroME to the fluorescent protein (FP): either Rosmarinus (RSM) or mTFP1. Each construct

included a Golgi targeting sequence (TS) and endoplasmic reticulum (ER) export sequence to improve membrane localization. (b) Top: the ratio between the

peak photocurrent in response to 450-nm excitation and the peak photocurrent in response to 490-nm excitation, all under 100-ms pulses of 0.1 mW/mm2

light. Key variants had higher photocurrent ratios compared with untagged ChroME. In addition, the 450 nm/490 nm photocurrent ratio significantly

increased within each ChroMEDx-RSM, ChroMEDx-mTFP, or ChroMEDx-D9mTFP series with increasing truncations of ChroME’s C terminus

(*p < 0.05, **p < 0.01, two-sided Wilcoxon rank-sum test, n R 6 cells per variant). Solid and dashed gray lines represent full-length ChroME’s average

450 nm/490 nm photocurrent ratio5 SEM under identical excitation conditions. Bottom: the peak photocurrent in response to 450-nm light under the same

pulse conditions as the top panel. Truncations up to 21 amino acids did not significantly decrease ChroMEDx-mTFP’s or ChroMEDx-D9mTFP’s peak pho-

tocurrents in response to 450-nm illumination compared with the peak photocurrent of full-length, untagged ChroME (p> 0.05 for all comparisons; n.s., not

significant, two-sided Wilcoxon rank-sum test, nR 6 cells per variant). Solid and dashed gray lines represent full-length ChroME’s average peak photocur-

rent 5 SEM under identical excitation conditions. In both panels, error bars represent mean 5 SEM. (c) Top: the photocurrent spectra normalized to the

photocurrent at the peak activation wavelength for each construct in response to 5-ms, 0.1 mW/mm2 pulses centered at each wavelength and scaled for the

excitation photon flux at each wavelength (section ‘‘materials and methods’’). The normalized spectra of FRET-opsin constructs broadened toward wave-

lengths to the blue side of ChroME’s peak absorption wavelength. At 455 nm, the normalized photocurrents of our FRET-opsin constructs were higher

than the respective normalized photocurrent for unmodified ChroME (***p < 10�3, two-sided Wilcoxon rank-sum test, n R 9 cells per variant). Bottom:

the raw peak photocurrent of the normalized responses shown in the top panel, scaled for excitation photon flux at each wavelength (section ‘‘materials and

methods’’). The photocurrent of FRET-opsin constructs was generally lower than the photocurrent of unmodified ChroME. At 490 nm (vertical dashed line),

or ChroME’s peak excitation wavelength, the photocurrents of constructs with more than 15 amino acids removed between ChroME and mTFP were signif-

icantly lower than the photocurrent of unmodified ChroME (**p< 0.01, ***p< 10�3; n.s., not significant, two-sidedWilcoxon rank-sum test, nR 9 cells per

variant). Error bars represent mean 5 SEM. Dashed gray lines represent the excitation spectrum of Chronos, adapted from Klapoetke et al. (8). (d) Top:

example traces of the photocurrent decay of ChroME-mScarlet (black), ChroMED15-mTFP (cyan), and ChroMED15-D9mTFP (blue) in response to a

5-ms pulse of 450 nm, 0.1 mW/mm2 light. Bottom: the average off-kinetics of all variants excited by 490-nm light were statistically comparable, whereas

ChroMED15-D9mTFP had slightly slower off-kinetics than other variants when excited by 450-nm excitation (*p% 0.05, **p% 0.01; n.s., not significant,

two-sided Wilcoxon rank-sum test, n R 8 cells per variant). Error bars represent mean 5 standard deviation; white circles represent individual data

points.
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construct with blue light corresponding to the CFP’s peak
excitation wavelength, we can drive photocurrent both
through FRET between the CFP and rhodopsin and through
1768 Biophysical Journal 121, 1765–1776, May 3, 2022
weak, direct excitation of the rhodopsin by the off-peak
excitation light. We theorized that this mechanism would
enable us to enhance the excitation efficiency of the
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rhodopsin-CFP fusion at shorter wavelengths, effectively
shifting the original rhodopsin’s activation spectrum.

The FRET-enhanced photocurrent produced by this
mechanism depended on the FRET efficiency between the
rhodopsin acceptor and CFP donor: FRET efficiency in-
creases with shorter distances between the two domains,
with higher overlap between the donor’s emission and the
acceptor’s excitation spectra, and more alignment between
the dipole orientations of the donor and acceptor. To maxi-
mize both photocurrent and FRET, we employed two pro-
tein engineering strategies. First, we minimized the
distance between the complex’s two domains without
adversely affecting the photocurrent or expression of the
rhodopsin or fluorescent protein, respectively. Second, we
maximized the overlap between the fluorescent protein do-
nor’s emission spectrum and the rhodopsin acceptor’s acti-
vation spectrum. Based on these design criteria, we
screened several families of rhodopsin-fluorescent protein
constructs, which comprised the fast, sensitive rhodopsin
ChroME, and CFPs whose emission spectra overlapped
with ChroME’s peak activation wavelength at �500 nm.

Because maximizing FRET critically depends on mini-
mizing the distance between the FRET donor and acceptor,
we first determined the maximum number of amino acids
that we could truncate from ChroME’s C terminus using
ChroME’s homology with ChR2. We deduced that
ChroME’s C terminus had approximately 30 amino acids
with no secondary structure that could be removed without
adversely affecting ChroME’s folding. We next generated a
series of variants that truncated 0 to 27 amino acids from
ChroME’s C terminus. For the remainder of the manuscript,
these constructs are referred to as ChroMEDx, where x was
the number of truncated C-terminal amino acids. We first
placed each truncated version of ChroME in a bicistronic
construct to facilitate co-expression of mScarlet. We trans-
fected HEK293T cells with each of these variants, patch
clamped mScarlet-positive cells, and recorded the peak
photocurrent elicited by 100-ms pulses of 490-nm light
with intensities ranging from 0.05 to 1.6 mW/mm2. We
found that ChroME’s peak photocurrent elicited by 1.6-
mW/mm2 pulses remained statistically comparable with C
terminus truncations of up to 27 amino acids (p > 0.1 for
all comparisons, two-sided Wilcoxon rank-sum test, n R
6 cells for all variants; Fig. S2 A). We repeated this charac-
terization on a series of ChroME variants fused directly to
mScarlet as controls. Fusion to the red fluorescent mScarlet
guaranteed there would be virtually no FRET between the
domains, and thus probed just the effect of a fused fluores-
cent protein on the rhodopsin photocurrent. The peak photo-
current of the ChroME-mScarlet variant with its C terminus
truncated by 21 amino acids was significantly lower than
that of untruncated ChroME-mScarlet for 100-ms pulses
of 490-nm light at 1.6 mW/mm2 (p < 0.05, two-sided Wil-
coxon rank-sum test, n R 10 cells for both variants; Fig. S2
B). Fusion constructs comprising ChroME and a fluorescent
protein did not express when more than 21 amino acids were
truncated from ChroME’s C terminus, possibly because the
close proximity of the rhodopsin and fluorescent protein
precluded each domain from folding properly.

Based on these results, we developed two families of
FRET-opsin complexes that employed either RSM (40) or
mTFP1 (41) as the fluorescent protein donor. We hypothe-
sized that the high overlap between RSM’s and TFP’s emis-
sion spectra and ChroME’s activation spectra would support
efficient FRET. We further enhanced FRET for the mTFP1
constructs by generating variants using either the full mTFP
protein or mTFP with nine amino acids removed from
its N terminus, referred to as -D9mTFP. Overall, we
tested HEK293T cells expressing families of untagged
ChroMEDx, ChroMEDx-RSM, ChroMEDx-mTFP, and
ChroMEDx-D9mTFP. Each family comprised the D9,
D12, D15, and D21 amino acid ChroME variants.

Initially, we screened FRET constructs to evaluate FRET
under one-photon excitation. We measured the peak photo-
current elicited by 100-ms pulses of either 450-nm or
490-nm light. The 490-nm light directly excited ChroME
near the peak of its activation spectrum and drove maximal
photocurrent. In contrast, the 450-nm light not only directly
excited the rhodopsin with low efficiency but also excited
RSM or mTFP at the peak of their absorption spectra. We
predicted that the second FRET pathway would elicit higher
photocurrent in FRET-opsin constructs than in ChroME
constructs when excited by wavelengths below 490 nm.

We used the ratio of the photocurrent driven at 450 nm to
the photocurrent driven at 490 nm as a proxy for FRET: high
450 nm/490 nm photocurrent ratios suggested that FRET
enhanced photocurrent at shorter excitation wavelengths.
Our screen of linkers found the expected effect: the
450 nm/490 nm photocurrent ratios increased with
decreasing linker length (Fig. 1 B). We found three FRET
variants, ChroMED15-mTFP, ChroMED21-mTFP, and
ChroMED15-D9mTFP, that had both high 450 nm/490 nm
photocurrent ratios under 0.1-mW/mm2 excitation and
high peak photocurrent. The three shorter linker variants’
450 nm/490 nm photocurrent ratios were respectively 1.1
5 0.05, 1.2 5 0.06, and 1.2 5 0.04. These ratios were
significantly higher than ChroME’s original 450 nm/
490 nm photocurrent ratio of 0.9 5 0.03 (mean 5 SEM,
p < 0.02 for all comparisons with ChroME, two-tailed Wil-
coxon rank-sum test, n R 6 cells for each variant; Fig. 1 B,
top). These variants also had peak photocurrents that were
statistically comparable with unmodified ChroME under
identical stimulation parameters (p > 0.1 for all compari-
sons, two-sided Wilcoxon rank-sum test, n R 6 cells for
each variant; Fig. 1 B, bottom). The retention of high peak
photocurrent suggested that the short linkers in these con-
structs did not impair folding or expression.

To characterize the FRET effect of these three variants
more fully, we built a monochromator to measure each var-
iant’s activation spectrum (section ‘‘materials and
Biophysical Journal 121, 1765–1776, May 3, 2022 1769



Beck and Gong
methods’’). We excited HEK293T cells expressing each
variant with 5-ms pulses of light ranging from 455 nm to
580 nm with an average fullwidth at half-maximum of
15 nm and power density of 0.1 mW/mm2 (Fig. S1). This
excitation power was the maximum power density achiev-
able using our monochromator across all wavelengths and
is below the effective power density for 50% activation
(EPD50) of most rhodopsins (16), suggesting that this inten-
sity was in the linear range of the rhodopsins’ response
(Fig. S3). Consistent with our initial screen, we found that
the normalized activation spectra of our FRET-opsin con-
structs had a prominent increase in the 455–475-nm wave-
length range compared with the non-FRET ChroME
construct. The normalized activation spectrum of
ChroMED15 fused to either mTFP or D9mTFP and the
spectrum of ChroMED21-mTFP were significantly higher
than ChroME’s normalized activation spectrum at 455 nm,
465 nm, and 475 nm (p < 10�3; two-sided Wilcoxon
rank-sum test; n ¼ 18, 15, 12, and 9 cells for
ChroMED15-mTFP, ChroMED15-D9mTFP, ChroMED21-
mTFP, and ChroME-mScarlet respectively; Fig. 1 C, top),
but were nearly equivalent at longer wavelengths. The
broadened activation spectrum also translated to slightly
higher photocurrent driven by ChroMED15-mTFP
compared with ChroME at wavelengths shorter than
490 nm. However, despite a pronounced elevation in their
normalized spectra at short wavelengths, ChroMED21-
mTFP’s and ChroMED15-D9mTFP’s peak photocurrents
were moderately lower than ChroME’s when excited by
wavelengths from ChroME’s peak wavelength at 490 nm
(p < 0.01 for both ChroMED21-mTFP and ChroMED15-
D9mTFP, p ¼ 0.6 for ChroMED15-mTFP, two-sided Wil-
coxon rank-sum test, n R 9 cells for each variant; Fig. 1
C, bottom), as well as wavelengths up to approximately
540 nm. The peak photocurrent of ChroMED21-mTFP
was nearly equivalent to, but more variable than,
ChroMED15-D9mTFP’s for all excitation wavelengths
(p > 0.29 for all comparisons, two-sided Wilcoxon rank-
sum test, nR 12 cells for each variant). This increased vari-
ability could be due to poorer and less consistent expression
levels of rhodopsin-FP fusion constructs with a larger num-
ber of amino acids cut from the rhodopsin. Therefore, we
focused the remainder of our analysis on ChroMED15-
mTFP and ChroMED15-D9mTFP.

Finally, due to FRET’s nanosecond timescale, FRET-
mediated activation does not notably influence the rhodop-
sins’ millisecond-scale closing kinetics (Fig. 1 D).
ChroME-mScarlet, ChroMED15-mTFP, and ChroMED15-
D9mTFP had off-kinetics of toff ¼ 9 5 2 ms, 9 5 2 ms,
and 10 5 1 ms under 450-nm excitation, respectively, and
toff ¼ 10 5 2 ms, 10 5 2 ms, and 10 5 1 ms under
490-nm excitation, respectively (mean 5 SD, n ¼ 18, 15,
and 8 cells for ChroMED15-mTFP, ChroMED15-
D9mTFP, and ChroME-mScarlet, respectively). Surpris-
ingly, ChroMED15-D9mTFP’s off-kinetics are slightly
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slower than both ChroMED15-mTFP and ChroME-
mScarlet under 450-nm excitation (p ¼ 3 � 10�3 compared
with ChroMED15-mTFP, p¼ 0.04 compared with ChroME-
mScarlet, two-sided Wilcoxon rank-sum test, n ¼ 18, 15,
and 8 cells for ChroMED15-mTFP, ChroMED15-
D9mTFP, and ChroME-mScarlet, respectively), but not un-
der 490-nm excitation. ChroMED15-D9mTFP’s slightly
slower kinetics suggest that, in addition to adversely
affecting photocurrent response, large truncations could
modestly affect channel kinetics on the boundary of signif-
icance. The discrepancy between the statistical significance
at each wavelength could be due to an outlier ChroMED15-
mTFP and -mScarlet cell (Fig. 1 D). Importantly, each con-
struct’s kinetics under 450-nm excitation is statistically
comparable with its kinetics under 490-nm excitation. All
other comparisons across variants and excitation wave-
lengths were statistically comparable (p > 0.05 for all com-
parisons, two-sided Wilcoxon rank-sum test).

This high photocurrent and fast kinetics made our FRET-
opsin constructs comparable with existing blue-light-shifted
rhodopsins under 450-nm excitation. In response to 100-ms
pulses of 450-nm light at 1.5 mW/mm2, ChroMED15-
mTFP had a peak photocurrent of 1020 5 270 pA and
off-kinetics of toff ¼ 105 1 ms. This is significantly higher
photocurrent, but comparable kinetics, compared with the
blue-light-activated rhodopsin CheRiff (7), which had a
peak photocurrent of 540 5 110 pA and off-kinetics of
toff ¼ 9 5 1 ms under identical excitation conditions
(p ¼ 10�4 for photocurrent; p ¼ 0.9 for kinetics; two-sided
Wilcoxon rank-sum test, mean 5 SD, n R 6 cells per
construct; Fig. S4).

Finally, to determine whether the rhodopsin-FP paradigm
represented a generalizable strategy for modulating rhodop-
sins’ activation spectra, we paired RSM with a slightly
blue-shifted rhodopsin, CoChR (8). We performed a similar
characterization on these CoChR-RSM constructs as for
ChroMEDX-mTFP and found several notable distinctions
between these constructs’ characteristics. First, CoChR’s
photocurrent was more adversely affected by shorter C-ter-
minal truncations and by direct fusion to RSM than analo-
gous ChroME constructs: CoChRD21-P2A-mScarlet and
all CoChRDX-RSM constructs had significantly lower
photocurrent than untagged CoChR (p < 0.05 for all com-
parisons, two-sided Wilcoxon rank-sum test, n R 6 cells
per construct; Fig. S5 A). Second, due to the relatively
low overlap between RSM’ emission, which peaks at
482 nm, and CoChR’s activation spectrum, which peaks at
�470 nm and has comparable excitation efficiency at
450 nm and 490 nm, we did not observe a statistically sig-
nificant difference in the constructs’ 450 nm/490 nm photo-
current ratio (Fig. S5 B). Third, in line with these results, we
observed that the raw photocurrents of CoChRD0-RSM and
CoChRD12-RSM were considerably lower than that of
untagged CoChR across all wavelengths (p < 10�3, two-
sided Wilcoxon rank-sum test, n R 8 cells per construct).
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However, to a lesser degree compared with the ChroME-
mTFP variants, the CoChR-RSM FRET-opsin constructs’
normalized spectra were slightly enhanced at 455 nm
compared with CoChR-mScarlet (Fig. S5 C). These results
suggest that, while the FRET-mediated enhancement of a
rhodopsins’ normalized spectrum may be potentially gener-
alizable, the relationship between the rhodopsin-FP pair and
peak photocurrent amplitude is not straightforward.

Based on the enhanced excitability of ChroMED15-
mTFP/D9mTFP at shorter wavelengths, we sought to deter-
mine whether the broadened spectrum translated to higher
excitability of neurons expressing these constructs. We
transfected cultured hippocampal rat neurons with
ChroMED15-mTFP, ChroMED15-D9mTFP, or ChroME-
mScarlet and excited them with 5-ms pulses of light ranging
from 10 to 100 mW/mm2 at either 455 nm or 490 nm, corre-
sponding to mTFP’s or ChroME’s peak excitation wave-
length, respectively. We recorded the spike probability for
each excitation wavelength to determine the excitation
threshold of neurons expressing each construct. Consistent
with our previous results, we found that neurons expressing
one of the FRET-opsin constructs had a lower spike
threshold than neurons expressing ChroME when excited
with 455-nm light (Fig. 2 A). The average excitation
power to achieve 50% spike probability with 455-nm
pulses was 31 5 5 mW/mm2, 46 5 4 mW/mm2, and
60 5 7 mW/mm2 for ChroMED15-mTFP, ChroMED15-
D9mTFP, and ChroME-mScarlet, respectively (mean 5
SEM, n ¼ 10 cells per construct). The excitation power
required to drive spikes in ChroMED15-mTFP-expressing
neurons was significantly lower than the power required to
drive spikes in neurons expressing ChroME-mScarlet (p ¼
8 � 10�3, two-sided Wilcoxon rank-sum test, n ¼ 10 cells
per construct). As expected, we did not observe a decrease
in the excitation threshold using 490-nm pulses:
ChroMED15-mTFP, ChroMED15-D9mTFP, and ChroME-
mScarlet had statistically comparable 50% excitation
thresholds of 29 5 4 mW/mm2, 43 5 3 mW/mm2, and
32 5 11 mW/mm2 (p ¼ 0.42 or 0.28 for comparisons
of ChroMED15-mTFP or ChroMED15-D9mTFP with
ChroME-mScarlet, respectively; two-sided Wilcoxon rank-
sum test, n ¼ 10 cells per construct). These results were
consistent with the photocurrent measured in neurons
excited by either 455-nm or 490-nm light at 1.5 mW/mm2

(Fig. 2 B): the ratio of photocurrent at 455 nm to photocur-
rent at 490 nm for neurons expressing ChroMED15-mTFP
or ChroMED15-D9mTFP was higher than that in neurons
expressing ChroME-mScarlet (Fig. 2 C, p ¼ 0.01 or 10�3

for ChroMED15-mTFP or ChroMED15-D9mTFP, respec-
tively, two-sided Wilcoxon rank-sum test, n ¼ 10 cells for
FIGURE 2 FRET enables higher spike probabil-

ity in neurons at lower excitation powers. (a) Left:

spike probability as a function of excitation power

for 5-ms pulses of 455-nm light. Right: same as left

panel, but for 490-nm light. Error bars represent

mean5 SEM (n¼ 10 cells per variant). Solid lines

represent spike probabilities fit to a sigmoidal func-

tion (section ‘‘materials and methods’’). Vertical

dashed lines correspond to the average excitation

power with a 50% spike probability for each

variant. The average 50% spike probability

threshold under 455-nm excitation for

ChroMED15-mTFP was significantly lower than

the 50% threshold for ChroME-mScarlet

(**p < 0.01, two-sided Wilcoxon rank-sum test,

n ¼ 10 cells per variant). (b) Peak photocurrent

of the neurons whose spike probabilities are shown

in (a) in response to 5-ms pulses of 0.1 mW/mm2

light at either 455 nm (dark blue bars) or 490 nm

(cyan bars). Neurons expressing ChroMED15-

mTFP and ChroMED15-D9mTFP had slightly but

not significantly higher photocurrent than

ChroME-mScarlet at 455 nm (dark blue bars)

(p ¼ 0.47 and 0.24 for ChroMED15-mTFP and

ChroMED15-D9mTFP, respectively, two-sided

Wilcoxon rank-sum test, n ¼ 10 cells per variant).

Error bars represent mean 5 SEM. (c) The

455 nm/490 nm photocurrent ratio of the peak pho-

tocurrents shown in (b). The ratios between the

FRET constructs’ photocurrent at 455 nm and

490 nm were significantly higher than the same ra-

tio for ChroME-mScarlet (*p < 0.05, **p < 0.01,

two-sided Wilcoxon rank-sum test, n ¼ 10 cells

per variant). Error bars represent mean 5 SEM.
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each construct), representing a significant spectral shift.
Additionally, this increased excitability was dominantly
driven by increased photocurrent under 455-nm excitation
rather than decreased photocurrent driven by 490-nm exci-
tation: the photocurrent driven by each wavelength was
statistically comparable in cells expressing either
ChroMED15-mTFP or ChroME-D9mTFP (p > 0.3 for
both variants, two-sided Wilcoxon rank-sum test, n ¼ 10
cells for each construct).

Finally, we sought to determine whether we could use
ChroMED15-mTFP in parallel with jRCaMP1b (42) to
facilitate dual-channel, simultaneous optogenetic stimula-
tion and calcium imaging. We co-transfected cultured hip-
pocampal rat neurons with two plasmids containing either
ChroMED15-mTFP or jRCaMP1b expressed under the
CamkIIa promoter (Fig. 3 A). However, despite co-expres-
sion of the rhodopsin and sensor, we were unable to record
crosstalk-free calcium activity in response to blue-light
stimulation. This was primarily due to the preservation of
ChroMED15-mTFP’s moderate response to yellow-light
excitation, which was nearly identical in efficiency to that
of unmodified ChroME (Fig. 1 C). This weak but substantial
sensitivity to the continuous, 0.5-mW/mm2, 585-nm
jRCaMP1b imaging light produced a subthreshold
(�5 mV) depolarizing voltage, but, more importantly, pre-
vented neurons from spiking multiple times in repeated tri-
als. Neurons co-expressing ChroMED15-mTFP and
jRCaMP1b reliably spiked once per stimulation over the
course of five trials when we delivered only blue-light pulses
FIGURE 3 ChroME excitation by yellow light prevents simultaneous optogen

and jRCaMP1b. Top: ChroMED15-mTFP fluorescence in the cyan imaging chan

20 mm. (b) Electrophysiology of a representative ChroMED15-mTFP-express

0.1 mW/mm2 without 585-nm imaging light. Blue dashes represent the 450-nm

identical 450-nm stimulation conditions delivered simultaneously with constan

resulted in action potentials with an irregular shape and lower amplitude. Action p

bar represents the constant 585-nm imaging light. (d) Spike probability of neuro

450-nm stimulation with 585-nm imaging as in (c) (orange bar). Illumination o

imaging light elicited a spike only 60% as frequently as illumination of neuro

test, n ¼ 10 cells). Error bars represent mean 5 SEM.
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(Fig. 3 B). However, repeated blue-light stimulation concur-
rent with constant yellow imaging light generated wide,
low-amplitude action potentials that eventually became sup-
pressed in later trials for single cells (Fig. 3 C). On average,
neurons that reliably produced a single spike in response to
5-ms, 1.5-mW/mm2, 450-nm stimuli responded with signif-
icantly fewer spikes when stimulated concurrently with con-
stant 585-nm imaging light (p ¼ 6 � 10�3, two-sided
Wilcoxon rank-sum test, n ¼ 10 cells; Fig. 3 D). This
depressed excitability could potentially have arisen from
desensitization of the rhodopsin to blue-light pulses due to
the constant yellow illumination (16,43). This prediction is
supported by photocurrent elicited by pulses of 450-nm light
in HEK293T cells, which was significantly lower when
pulses were delivered under simultaneous yellow-light illu-
mination (p¼ 2� 10�3, two-sided Wilcoxon rank-sum test,
n ¼ 6 cells; Fig. S6). Because pulsed imaging has been used
to reduce photocurrent crosstalk in ChroME (11), we em-
ployed several imaging LED pulsing parameters while
maintaining the same average power per frame as when
we used constant 585-nm illumination. In voltage clamped
HEK293T cells, we applied identical 450-nm light pulses
while pulsing the 585-nm imaging LED at 30 Hz, 90 Hz,
or 150 Hz with various intensities and duty cycles. However,
due to ChroMED15-mTFP’s �10-ms off-time constant, the
crosstalk photocurrent elicited by the imaging light did not
decay significantly enough within the time of an imaging
frame (�33 ms) to either decrease the offset in baseline
photocurrent or increase the amplitude of 450-nm-elicited
etics and calcium imaging. (a) A neuron co-expressing ChroMED15-mTFP

nel. Bottom: jRCaMP1b expression in the red imaging channel. Scale bar:

ing neuron under repeated stimulation of 5-ms pulses of 450-nm light at

stimulation pulses. (c) Electrophysiology of the same neuron as in (b) under

t 585-nm imaging light at 0.5 mW/mm2. The addition of the imaging light

otentials were also inconsistently evoked by 455-nm pulses of light. Orange

ns in response to 450-nm stimulation as in (b) (blue bar) or in response to

f neurons with 450-nm pulses of light concurrently with constant 585-nm

ns with 450-nm pulses alone (**p < 0.01, two-sided Wilcoxon rank-sum
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photocurrent compared with cells under constant 585-nm
illumination (Fig. S7).
DISCUSSION

Our work demonstrated that FRET can be used to tune the
activation spectra of rhodopsins. By pairing a rhodopsin
with the appropriate fluorescent protein and modulating
the distance between the domains, we were able to achieve
higher activation efficiencies of ChroME using wavelengths
up to 50 nm blue-shifted from ChroME’s peak activation
wavelength. Previous work has demonstrated that photocur-
rent can be driven in rhodopsins through fusion with a
chemiluminescent molecule (30,31) and that spectrally
compatible fluorescent tags can contribute secondary peaks
to a rhodopsin’s activation spectrum (39). Our work further
characterized the degree to which the spectrum of a
rhodopsin can be modulated through the non-radiative
FRET interaction between the rhodopsin and fused fluores-
cent protein based on both the distance between the domains
and spectral compatibility of the FRET domains. This para-
digm enabled us to elicit high, temporally precise, light-
driven current at blue-shifted wavelengths compared with
the unmodified rhodopsin’s peak activation wavelength.
We screened a suite of rhodopsin-fluorescent protein fusions
with an array of truncations to the rhodopsin’s C terminus,
and we were able to modestly tune the FRET efficiency be-
tween the fluorescent protein FRET donor and rhodopsin
FRET acceptor. Because FRET is well characterized and
predictable, FRET-facilitated excitation represents an alter-
native strategy to modulate the excitation spectra of optoge-
netic actuators by optimizing the fusion of a rhodopsin to
the appropriate fluorescent protein without directly engi-
neering the rhodopsin’s retinal-binding pocket, which has
been historically more challenging (17–21). This rational
design could bypass time-consuming identifications of
new species of rhodopsins with unique spectral sensitivities
and screening their photophysical properties.

However, modulating a rhodopsin’s activation spectrum
via FRET had two main limitations: an imbalanced tradeoff
between increased FRET efficiency and decreased photo-
current, and an incomplete spectral shift that resulted in
poor compatibility with green-light-activated sensors for
dual-channel applications. First, the main method by which
we modulated the FRETefficiency of each of our rhodopsin-
FP constructs was through decreasing the distance between
the domains by truncating amino acids from the C terminus
of the rhodopsin or N terminus of the fluorescent protein.
However, these truncations introduced an imbalanced trade-
off between FRET efficiency and peak photocurrent. Con-
structs with shorter truncations, and consequently a
greater distance between the rhodopsin and fluorescent pro-
tein, had higher raw peak photocurrent but reduced relative
enhancement of photocurrent at blue-shifted excitation
wavelengths; constructs with longer truncations had a
modest increase in blue-light-activation efficiency but
significantly lower raw peak photocurrent at the rhodopsin’s
original peak excitation wavelength. Additionally, we
observed decreases in photocurrent in rhodopsin-fluorescent
protein fusions at shorter truncations than in the untagged
rhodopsin. For example, we observed statistically similar
photocurrent in untagged ChroMED27 compared with the
control, but we could only cut 21 amino acids from
ChroME when it was fused to a fluorescent protein before
the construct failed to express.

Second, we were able to broaden the excitation spectrum
of ChroME to achieve high-efficiency excitation at blue-
shifted wavelengths but did not fully shift the rhodopsin’s
excitation spectrum. When fused to a CFP, ChroME had
excitation efficiency in the 450–480-nm range comparable
with ChroME’s native excitation efficiency at 500 nm. How-
ever, this did not translate to a full shift in the rhodopsin’s
excitation spectrum; the photocurrent driven by 500–600-
nm excitation of ChroMED15-mTFP is virtually equivalent
to that driven in the unmodified rhodopsin. The preserved
low sensitivity at high wavelengths precludes this tool
from crosstalk-free, one-photon excitation experiments in
parallel with other green/yellow-light-sensitive tools. This
incompatibility is due to the low, sustained photocurrent
driven by constant, moderate, yellow-light excitation. Under
the same pulse conditions, excitation at wavelengths longer
than 580-nm light drives negligible photocurrent. However,
when cells expressing ChroMED15-mTFP are excited by
450-nm pulses in conjunction with constant 585-nm illumi-
nation, ChroMED15-mTFP’s photocurrent changed in two
ways: the baseline photocurrent depolarized the cell by a
subthreshold but significant voltage, and the peak photocur-
rent elicited by blue light was suppressed. This suppression
could be due to several phenomena, including a decrease in
the local ionic gradient necessary to drive photocurrent due
to sustained opening of the rhodopsin under yellow-light
excitation, desensitization of the rhodopsin to subsequent
blue-light pulses after the onset of constant yellow excita-
tion, or inactivation of the rhodopsin’s photocycle by red-
shifted light (16,24,43–45). This hypothesis is supported
by electrophysiology of neurons expressing ChroMED15-
mTFP and excited by 2-ms pulses of 450-nm light at
1.5 mW/mm2 under constant, 585-nm excitation at
0.5 mW/mm2. In several trials, the blue-light pulses were
initially sufficient to drive action potentials but only elicited
subthreshold depolarizations after 5 s.

Further engineering of this optogenetic tool or similar
tools based on alternative rhodopsins or fluorescent proteins
could improve its utility in additional modern neuroscien-
tific experimental paradigms. Additional C-terminal trunca-
tions could further improve photocurrent at shorter
wavelengths, while the same cuts could simultaneously
reduce the native rhodopsin’s photocurrent at longer wave-
lengths. Such an idealistic result could increase our capa-
bility to perform crosstalk-free, dual-channel experiments
Biophysical Journal 121, 1765–1776, May 3, 2022 1773
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with these tools, specifically dual-color simultaneous opto-
genetics and imaging or two-photon optogenetic excitation.
Crosstalk-free dual-color optogenetics and imaging could
enable genetically targeted, optogenetic excitation of a
particular neural population expressing a FRET-opsin in
one channel, and imaging of the neural activity of another
population expressing a red genetically encoded sensor in
another channel. This paradigm would enable neuroscien-
tists to investigate the circuit dynamics between these
populations on a large or mesoscopic scale. Enhanced
two-photon optogenetic excitation would improve neurosci-
entists’ ability to target single cells at lower laser powers,
which could reduce tissue heating or off-target excitation
(46). The superior spatial resolution imparted by two-
photon optogenetics could enable researchers to investigate
the role of individual neurons in driving ensemble activity
with high precision (47).

Our current FRET-opsin configuration broadened
ChroME’s activation spectrum, which could potentially
facilitate excitation of the rhodopsin at shorter wavelengths.
The effect is modest due to both the modest increase in
ChroME’s spectrum at shorter wavelengths and relatively
narrow absorption spectra of fluorescent proteins compared
with rhodopsins. However, several strategies could improve
upon the design described here to engineer a rhodopsin-fluo-
rescent protein fusion that is more compatible with a wider
range of experimental designs. First, a more comprehensive
screen of the linker at the rhodopsin-FP interface or of alter-
native rhodopsins could potentially overcome our con-
struct’s limitations in dual-color experiments. It is possible
that screening short linkers between the FRET donor and
acceptor or exploring a wider range of linker compositions
could result in a more optimal tradeoff than we observed be-
tween the enhanced photocurrent at blue-shifted wave-
lengths and native photocurrent. Short linkers could
further increase FRET, which would enhance the blue-
light-activated photocurrent’s relative contribution to the
rhodopsin’s activation spectrum. Balanced with reduction
in the green- or yellow-light-activated photocurrent arising
from truncations to the rhodopsin, this paradigm could
effectively produce a narrow, blue-shifted spectrum, rather
than a broadened spectrum. Additionally, different linker
compositions could improve the orientation alignment be-
tween the FRET partners. While not engineered in this
study, engineering the dipole orientation factor has previ-
ously been accomplished through screens of circular permu-
tations of the fluorescent protein donor, which modulated
FRETefficiency by nearly 50% (48,49). Alternative rhodop-
sins with a similar spectrum to ChroME but more tolerant to
C terminus truncations could also potentially improve the
performance of this type of tool; such rhodopsins could
enable higher FRET between the fluorescent protein and
rhodopsin without such severe loss of peak photocurrent.
The overall enhanced spectral selectivity would result in
reduced photocurrent crosstalk when used in parallel with
1774 Biophysical Journal 121, 1765–1776, May 3, 2022
green- or yellow-light-activated genetically encoded sensors
and increase this type of construct’s utility in such dual-
channel experiments. Second, further characterization of
these constructs under two-photon excitation could poten-
tially yield improved tools for two-photon optogenetic tar-
geting of neurons. Several CFPs, including those used in
this study, have exceptionally high two-photon absorbance
cross sections compared with even the brightest engineered
green fluorescent proteins (40). A high absorbance cross
section translates to high-efficiency excitation of these fluo-
rescent proteins by two-photon excitation. Because rhodop-
sins have historically struggled to match their one-photon
photocurrent under two-photon excitation, it is possible
that FRET-driven photocurrent mediated by fluorescent pro-
teins with high two-photon cross sections combined with
off-peak rhodopsin photocurrent could supersede on-peak
rhodopsin photocurrent under two-photon excitation alone.
CONCLUSION

In summary, we demonstrated a strategy to extend ChroME’s
activation spectrum into a range up to 50 nm blue-shifted
from its original peak excitation wavelength via FRET. The
FRET interaction between mTFP1 and ChroME produced
increased excitation efficiencies at blue-shifted wavelengths.
We controlled the strength of the FRET interaction by modu-
lating the distance between the domains: more amino acids
removed from the C terminus of ChroME or N terminus of
mTFP1 translated to a higher relative excitation efficiency
at shorter wavelengths. While this approach increased
FRET, it also decreased the peak photocurrent at ChroME’s
original excitation peak at�500 nm. The FRETenhancement
was also present in neurons; under 450-nm excitation, neu-
rons expressing a FRET-opsin required lower excitation
powers to drive action potentials than neurons expressing un-
modified ChroME. Residual ChroME photocurrent in the
green to yellow wavelength range suggests that further engi-
neering is required to make these constructs more applicable
for crosstalk-free dual-channel applications.
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