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DUMMY-FLUORESCENT PROTEIN FUSIONS AND METHODS OF USE

RELATED APPLICATIONS
This application claims benefit under 35 U.S.C. § 119(e) of U.S. Provisional
application No. 62/365,068 filed July 21, 2016, the disclosure of which is incorporated by

reference herein in its entirety.

GOVERNMENT INTEREST

This invention was made with government support under R24-MH106075, RO1-
NS087950, DP2-0OD002002-01, DMS-0848804, RO1-DA029639-04, RO1-NS075421-04
R0O1-DA029639-05, DPI-NS087724, and sub-award agreement no. 3024 Rehabilitation

2

Institute of Chicago; each awarded by the National Institutes of Health. The government

has certain rights in the invention.

FIELD OF THE INVENTION

The invention, in some aspects, relates to dummy-fluorescent polypeptide
molecules and their encoding nucleic acid molecules and use of such molecules in fusion

proteins.

BACKGROUND OF THE INVENTION

In optogenetics, some procedures include expressing a fusion protein comprising
an opsin polypeptide and also a fluorescent polypeptide. The expression in a cell of a
fluorescence-emitting polypeptide can result in photo bleaching and toxicity in the cell
when the expressed fluorescent polypeptide is excited by contact with light. Thus,
inclusion of fluorescent molecules may reduce effectiveness of optogenetic procedures

and therapies.

SUMMARY OF THE INVENTION

The invention, in part, relates to molecules and compounds that can be used in
optogenetic assays, diagnostic testing, and therapeutic methods. In addition, the
invention in some aspects includes expression of fusion proteins comprising, a
polypeptide that is a dummy-fluorescent polypeptide. For example, some aspects of the
invention include use of a tandem dimer Tomato (tdTomato) polypeptide that is a

dummy-fluorescent tdTomato polypeptide.



10

15

20

25

30

35

WO 2018/017831 PCT/US2017/043065

In some aspects of the invention, a fusion protein that includes a dummy-
fluorescent polypeptide also includes a polypeptide that is of interest to express in a cell.
In some aspects of the invention, a polypeptide of interest to express in a cell is a
stimulus-activated opsin polypeptide, non-limiting examples of which are: an ion channel
polypeptide and an ion pump polypeptide. In some aspects of the invention, a fusion
protein may comprise one or more dummy-fluorescent polypeptides of the invention and
a polypeptide of interest to express in a cell. The invention, in part, also relates to
methods of treating diseases and conditions in subjects using methods that may comprise
expressing at least one fusion protein in a cell in a subject, wherein the fusion protein
comprises a dummy-fluorescent polypeptide and a polypeptide of interest.

According to an aspect of the invention, compositions that include a dummy-
fluorescent (DF) polypeptide or DF functional variant thereof are provided. In certain
embodiments, the composition also includes a stimulus-activated opsin polypeptide. In
some embodiments, the opsin is a light-activated opsin polypeptide. In some
embodiments, the composition is a fusion protein and comprises one or more of DF
polypeptide or DF functional variant thereof and the opsin polypeptide, and optionally
comprises one or more of a trafficking polypeptide and a signal polypeptide. In certain
embodiments, the DF polypeptide is a DF tdTomato polypeptide. In some embodiments,
the amino acid sequence of the DF polypeptide is set forth as at least one of SEQ ID NO:
3 or a DF functional variant thereof, SEQ ID NO: 5 or a DF functional variant thereof,
and one of the DF polypeptides described in Table 1 or a DF functional variant thereof.
In some embodiments, the composition is in a cell. In some embodiments, the cell is a
vertebrate cell. In certain embodiments, the cell is a mammalian cell. In some
embodiments, the cell is an excitable cell In some embodiments, the DF functional
variant comprises at least one of the amino acid sequences set forth as SEQ ID NO: 3,
SEQ ID NO: 5, or another of the DF polypeptides described in Table 1 having 1, 2, 3, 4,
5,6,7,8,9, 10 or more sequence modifications from the amino acid sequence of SEQ ID
NO: 3, SEQ ID NO: 5, or another of the DF polypeptides described in Table 1,
respectively. In certain embodiments, the amino acid sequence of the DF functional
variant has at least: 75%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%,
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to at least one of
the amino acid sequences set forth as SEQ ID NO: 3, SEQ ID NO: 5, and one of the DF
polypeptides described in Table 1. In some embodiments, the opsin polypeptide is a
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ChrimsonR (ChR88R) polypeptide or a functional variant thereof. In some embodiments,
the opsin is an opsin other than ChR88R.

According to another aspect of the invention, polynucleotides are provided that
include a nucleic acid sequence encoding the DF polypeptide or DF functional variant
thereof of any embodiment of the aforementioned aspect of the invention. In certain
embodiments, the polynucleotide includes the sequence set forth as SEQ ID NO: 4 or a
functional variant thereof. In some embodiments, the polynucleotide includes the
sequence set forth as SEQ ID NO: 6 or a functional variant thereof. In certain
embodiments, the nucleic acid sequence of the polynucleotide is a mammalian codon-
optimized DNA sequence.

According to another aspect of the invention, vectors that include any embodiment
of a polynucleotide of any aforementioned aspect of the invention are provided. In some
embodiments, the polynucleotide’s nucleic acid sequence is operatively linked to a
promoter sequence. In some embodiments, the vector also includes one, two, or more
nucleic acid signal sequences operatively linked to the nucleic acid sequence encoding an
opsin polypeptide. In certain embodiments, the encoded opsin polypeptide is a
ChrimsonR (ChR88R) polypeptide or a functional variant thereof. In some embodiments,
the vector is a plasmid vector, cosmid vector, viral vector, or an artificial chromosome.
In some embodiments, the vector also includes one or more of: a nucleic acid sequence
encoding an opsin polypeptide and a nucleic acid sequence encoding a detectable label.
In some embodiments, an expression product of the vector is a fusion protein comprising
the DF polypeptide or a DF functional variant thereof fused to one or more of: the opsin
polypeptide and the detectable label. In certain embodiments, the vector is in a cell. In
some embodiments, the cell is a vertebrate cell. In some embodiments, the cell is at least
one of a mammalian cell. In some embodiments, the cell is one or more of: a neuron, a
neuronal cell, a central nervous system cell, a peripheral nervous system cell, a cardiac
cell, a visual system cell, an auditory system cell, an immune system cell, and a muscle
cell. In some embodiments, the cell is a mammalian cell. In certain embodiments, the
cell is an excitable cell. In some embodiments, the amino acid sequence of the encoded
DF polypeptide is the sequence set forth as at least one of: SEQ ID NO: 3 or a DF
functional variant thereof, SEQ ID NO: 5 or a DF functional variant thereof, and a DF
polypeptide described in Table 1 or a DF functional variant thereof.

According to another aspect of the invention, a cell that includes a vector of any

embodiment of the aforementioned aspect of the invention is provided.
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According to another aspect of the invention, a fusion protein that includes any
embodiment of any aforementioned DF polypeptide is provided. In certain embodiments,
the encoded DF polypeptide is a DF tdTomato polypeptide. In some embodiments, the
DF polypeptide has the amino acid sequence of at least one of: SEQ ID NO: 3 or a DF
functional variant thereof, SEQ ID NO: 5 or a DF functional variant thereof, and a DF
polypeptide described in Table 1 or a DF functional variant thereof. In some
embodiments, the fusion protein also comprises a stimulus-activated opsin polypeptide.
In some embodiments, the stimulus-activated opsin is a light-activated opsin and the
stimulus comprises one or more wavelengths of light. In certain embodiments, the
encoded opsin polypeptide is a ChrimsonR (ChR88R) polypeptide or a functional variant
thereof. In some embodiments, the fusion protein also comprises a detectable label. In
some embodiments, the fusion protein is present in a cell. In certain embodiments, the
cell is a vertebrate cell. In some embodiments, the cell is a mammalian cell. In some
embodiments, the cell is an excitable cell. In some embodiments, the cell is at least one
of a mammalian cell. In some embodiments, the cell is one or more of: a neuron, a
neuronal cell, a central nervous system cell, a peripheral nervous system cell, a cardiac
cell, a visual system cell, an auditory system cell, an immune system cell, and a muscle
cell. In certain embodiments, the DF functional variant comprises at least one of: the
amino acid sequence of SEQ ID NO: 3 with 1, 2,3,4,5,6,7, 8,9, 10, or more sequence
modifications; the amino acid sequence of SEQ ID NO: Swith 1,2,3,4,5,6,7,8,9, 10,
or more sequence modifications, and the amino acid sequence of a DF polypeptide
described in Table 1 with 1,2, 3,4, 5,6,7, 8,9, 10, or more sequence modifications. In
some embodiments, the amino acid sequence of the DF functional variant has at least:
75%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, or 99% sequence identity to at least one of’ the amino acid
sequence of SEQ ID NO: 3, SEQ ID NO: 5, and a DF polypeptide described in Table 1.

According to yet another aspect of the invention, one or more cells comprising a
fusion protein of any embodiment of any aforementioned aspect of the invention is
provided. In some embodiments, the cell is an in vifro, ex vivo, or in vivo cell.

According to yet another aspect of the invention, methods of modulating electrical
activity in a cell are provided, the methods comprising: a) expressing in a host cell a
fusion protein comprising: a dummy-fluorescent (DF) polypeptide or a DF functional
variant thereof and a stimulus-activated opsin polypeptide; and b) contacting the

expressed opsin polypeptide with a stimulus under suitable conditions to activate the
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opsin polypeptide and modulate an electrical activity in the host cell. In certain
embodiments, the host cell is a vertebrate cell, optionally a mammalian cell. In some
embodiments, the host cell is a human cell. In some embodiments, the host cell is a
neuronal cell, a nervous system cell, a cardiac cell, a circulatory system cell, a visual
system cell, or an auditory system cell. In certain embodiments, the cell is an: in vifro, ex
vivo, or in vivo cell. In some embodiments, the DF functional variant comprises at least
one of: the amino acid sequence of SEQ ID NO: 3 with 1,2,3,4,5,6,7, 8,9, 10, or more
sequence modifications and the amino acid sequence of SEQ ID NO: Swith 1, 2, 3,4, 5,
6,7, 8,9, 10, or more sequence modifications; and a DF polypeptide described in Table 1
with 1,2,3,4,5,6,7,8,9, 10, or more sequence modifications. In some embodiments,
the amino acid sequence of the DF functional variant has at least: 75%, 80%, 81%, 82%,
83%, 84%, 85%., 86%., 87%, 88%, 89% 90%, 91%, 92%. 93%, 94%, 95%, 96%, 97%,
98%, or 99% sequence identity to at least one of: the amino acid sequence of SEQ ID
NO: 3, SEQ ID NO: 5, and a DF polypeptide described in Table 1. In certain
embodiments, the stimulus-activated opsin is a light-activated opsin and the stimulus
comprises one or more wavelengths of light. In some embodiments, the amino acid
sequence of the DF polypeptide is set forth as at least one of SEQ ID NO: 3 or a DF
functional variant thereof, SEQ ID NO: 5 or a DF functional variant thereof, and one of
the DF polypeptides described in Table 1 or a DF functional variant thereof. In certain
embodiments, the stimulus-activated opsin is a ChrimsonR (ChR88R) polypeptide, or
functional variant thereof.

According to another aspect of the invention, methods of treating a disease or
condition in a subject are provided, the methods comprising, a) expressing in a cell of a
subject in need of such treatment, a therapeutically effective amount of a fusion protein
comprising a dummy-fluorescent (DF) polypeptide or a DF functional variant thereof, and
a stimulus-activated opsin polypeptide, to treat the disorder; and b) contacting the opsin
polypeptide expressed in the cell with a stimulus under conditions suitable to modulate an
electrical activity of the cell, wherein the modulated electrical activity of the cell treats
the disease or condition in the subject. In some embodiments, the disease or condition is
injury, brain damage, spinal cord injury, an immune system disorder, epilepsy, cardiac
dysfunction, vision loss, blindness, deafness, hearing loss, ALS, Alzheimer’s disease,
Parkinson’s disease, seizures, or a psychiatric condition. In some embodiments, the
amino acid sequence of the DF polypeptide is set forth as at least one of SEQ ID NO: 3 or
a DF functional variant thereof, SEQ ID NO: 5 or a DF functional variant thereof, and

5
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one of the DF polypeptides described in Table 1 or a DF functional variant thereof. In
certain embodiments, the stimulus-activated opsin is ChrimsonR (ChR88R) polypeptide,
or a functional variant thereof.

According to yet another aspect of the invention, pharmaceutical compositions for
delivering a stimulus-activated opsin to a cell in a subject are provided, the
pharmaceutical compositions including any embodiment of a composition of any
aforementioned aspect of the invention. In some embodiments, the pharmaceutical
composition further comprises a pharmaceutically acceptable carrier. In some
embodiments, the pharmaceutical composition also includes one or more of a: trafficking
agent, targeting agent, and detectable label. In certain embodiments, the amino acid
sequence of the DF polypeptide is set forth as at least one of SEQ ID NO: 3 or a DF
functional variant thereof, SEQ ID NO: 5 or a DF functional variant thereof, and one of
the DF polypeptides described in Table 1 or a DF functional variant thereof. In some
embodiments, the stimulus-activated opsin is a ChrimsonR (ChR88R) polypeptide or a
functional variant thereof.

According to another aspect of the invention, pharmaceutical compositions for
delivering a stimulus-activated opsin to a cell in a subject are provided, the
pharmaceutical compositions comprising any embodiment of a polynucleotide of any
aforementioned aspect of the invention. In some embodiments, the pharmaceutical
composition also includes a pharmaceutically acceptable carrier. In certain embodiments,
the pharmaceutical composition also includes one or more nucleic acid sequences that
encode a: trafficking agent polypeptide, a promoter, a targeting agent polypeptide, or a
detectable label polypeptide. In some embodiments, the nucleic acid sequence encodes at
least one of SEQ ID NO: 3 or a DF functional variant thereof, SEQ ID NO: 5 or a DF
functional variant thereof, and one of the DF polypeptides described in Table 1 or a DF
functional variant thereof. In some embodiments, the stimulus-activated opsin is a
ChrimsonR (ChR88R) polypeptide or a functional variant thereof.

The present invention is not intended to be limited to a system or method that
must satisfy one or more of any stated objects or features of the invention. It is also
important to note that the present invention is not limited to the exemplary or primary
embodiments described herein. Modifications and substitutions by one of ordinary skill

in the art are considered to be within the scope of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS
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Fig. 1 is a schematic diagram showing the [3-barrel architecture of the tdTomato

polypeptide channel.

Fig. 2 shows a schematic diagram of the structure of Cis-Chromophore of tdTomato.

tdTomato has the Met-Tyr-Gly chromophore-forming tripeptide.

Fig. 3A-F provides photomicrographic images of tdTomato fluorescence as well as
immunofluorescence of anti-RFP (GFP channel) in viruses infected neuron cells.
Mouse hippocampal neurons were infected with 2ul wild type AAV-Syn-ChrimsonR-
tdTomato virus (Fig. 3C and 3F), AAV-Syn-ChrimsonR-tdTomato-Dummy 1
(fluorescence dead tdTomato, Fig. 3A and 3D), and AAV-Syn-ChrimsonR-tdTomato-
Dummy 2 (Fig. 3B and 3E). 28 days later, cells were immune-stained with anti-RFP.
Images were taken both in tdTomato channel (Fig. 3A-C) and GFP channel (Fig. 3D-F).

Fig. 4A-C shows photocurrents of ChrimsonR fused to DF tdTomato. Whole-cell
currents were recorded in mouse hippocampal neurons expressing ChrimsonR plasmid,
which were stimulated with 640+30 nm illumination at three intensity levels: 0.24, 1.11,
and 10.43 mW/ mm” at 500ms. Fig. 4A shows a photocurrent of a ChrimsonR-tdTomato
control. Fig. 4B shows a photocurrent for a ChrimsonR-tdTomato-Dummy 1. Fig. 4C
shows a photocurrent for a ChrimsonR-tdTomato-Dummy 2. pAAV-Syn-GFP was co-

transfected to visualize neurons expressing ChrimsonR-tdTomato-Dummy 1 or 2.

Fig. SA-C provides a graph and two information tables demonstrating photocurrents of
ChrimsonR plasmid constructs. Photocurrent density in ChrimsonR-tdTomato-Dummy 1
(#7 in Fig. SA and Fig. 5C) and the photocurrent density in ChrimsonR-tdTomato-
Dummy 2 (#8 in Fig. SA and Fig. 5C) were similar to ChrimsonR- tdTomato control (#1
in Fig. 5A and Fig. 5C). ChrimsonR Flurophore-Free constructs with and without
trafficking signals (#2-6 in Fig. S5A and Fig. 5C) had smaller photocurrent density than the
control (#1 in Fig. SA and Fig. 5C). Fig. SA provides a bar graph showing photocurrent
density measured (AVG £SEM) in 8 different ChrimsonR plasmid constructs (#1-8) in
hippocampal neurons stimulated with 640£30 nm illumination at 10.43 mW/mm? at 500
ms. Fig. 5B describes eight ChrimsonR plasmid constructs: AAV-Adeno-associated

virus; Syn-synapsin; HA-hemagglutinin, SS-signal sequence, truncated MHC class I
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antigen corresponded to amino acid sequence (M)VPCTLLLLLAAALAPTQTRA (SEQ
ID NO: 14) [Chow, X. et al., Nature 463, 98-102 (2010)], ER2- Endoplasmic reticulum
export signal, FCYENEV (SEQ ID NO: 9) (C-terminus) from Kir2.1 [Gradinaru, V. et al.
Brain Cell Biol. 36, 129-139 (2008)]; D1-Dummy 1, D2-Dummy 2. Fig. 5C provides
photo current density measured in eight ChrimsonR plasmid constructs in response to
1.11 and 10.43 mW/mm” illumination intensity at 500 ms. Fubi-tdTomato was co-
transfected to visualize neurons expressing ChrimsonR with no fluorophore (#2-6 in Fig.
5B). Photocurrent density was derived by measuring peak current (pA) using pClamp

and dividing by membrane capacitance (pF).

BRIEF DESCRIPTION OF THE SEQUENCES

SEQ ID NO: 1 is the amino acid sequence of tdTomato polypeptide:
MVSKGEEVIKEFMRFKVRMEGSMNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGP
LPFAWDILSPQFMYGSKAYVKHPADIPDYKKLSFPEGFKWERVMNFEDGGLVTV
TQDSSLQDGTLIYKVKMRGTNFPPDGPVMQKKTMGWEASTERLYPRDGVLKGEI
HQALKLKDGGHYLVEFKTIYMAKKPVQLPGYYYVDTKLDITSHNEDYTIVEQYE
RSEGRHHLFLGHGTGSTGSGSSGTASSEDNNMAVIKEFMRFKVRMEGSMNGHEF
EIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDY
KKLSFPEGFKWERVMNFEDGGLVTVTQDSSLQDGTLIYKVKMRGTNFPPDGPV
MQKKTMGWEASTERLYPRDGVLKGEIHQALKLKDGGHYLVEFKTIYMAKKPVQ
LPGYYYVDTKLDITSHNEDYTIVEQYERSEGRHHLFLYGMDELYK.

SEQ ID NO: 2 is nucleic acid sequence encoding the polypeptide set forth as SEQ ID
NO: 1:
atggtgagtaagggcgaggaagtgatcaaagagttcatgcggtttaaggtgagaatggaaggaageatgaacggecacgagtt
cgaaattgagggagaaggagagggacggccctacgagggeacccagacagecaagetgaaagtgacaaagggegggcct
ctgccattcgettgggacatcctgageccacagtttatgtacggetccaaggectatgtgaaacatccagetgacattcccgattat
aagaaactgagcttccccgaggggtttaagtgggaaagagteatgaacttcgaggacggaggectggtgactgtgacccagga
cagctcectgecaggatgggaccctgatctacaaggtgaaaatgagagggacaaattttceccctgatggacctgtgatgcagaa
gaaaactatgggatgggaggcctccaccgaaaggctgtatccacgegacggggtgctgaaaggagaaatccaccaggetctg
aagctgaaagatggggoacattacctggtggagttcaagacaatctacatggecaagaaacctgtgeagetgecaggetactatt
acgtggacacaaaactggatatcacttcacacaacgaggactacactattgtggagceagtatgaacggagcgaggggagacac
catctgttcctgggccatgggactggaagtaccggetcagggtcetagtggaaccgectcaagegaggataacaatatggetgtg
atcaaagagttcatgaggtttaaggtgcgcatggagggcageatgaatgggcacgaatttgagattgaaggagaggecgaagg
gaggccttacgagggcacacagactgccaagetgaaagtgaccaagggaggaccactgectttcgettgggatatectgtetee
tcagtttatgtacggaagtaaggcctatgtcaagcatccegetgacattectgattacaagaaactgtctttcccagagggcetttaag
tgggagagagtgatgaattttgaagatggaggcctggtgaccgtgacacaggactectctctgecaggatggeactetgatctaca
aagtcaaaatgcgcggeaccaattttccacccgatgggeccgtgatgcagaagaaaacaatggggteggageccageactga
acggctgtatcctagagacggagtgctgaagggcgaaatccaccaggecctgaagetgaaagacggeggecactacctggtg
gagttcaaaaccatctacatggccaagaaaccagtgecagetgeccggetattactatgtggacaccaagetggatatcacatcec
acaatgaagactacaccattgtggaacagtatgagaggtctgaaggacgecaccatctgtttctgtacggeatggatgagetgtat
aagtaa.

SEQ ID NO: 3 is amino acid sequence of a mutant tdTomato polypeptide that is a
dummy-fluorescent tdTomato polypeptide, that is referred to herein as “tdTomato DM1”,
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“DF tdTomato DM1”, “DM1”, and “Dummy 1”, and that has a Y—> A substitution at
amino acids corresponding to positions 68 and 310 in SEQ ID NO: 1:
MVSKGEEVIKEFMRFKVRMEGSMNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGP
LPFAWDILSPQFMAGSKAYVKHPADIPDYKKLSFPEGFKWERVMNFEDGGLVTV
TQDSSLQDGTLIYKVKMRGTNFPPDGPVMQKKTMGWEASTERLYPRDGVLKGEI
HQALKLKDGGHYLVEFKTIYMAKKPVQLPGYYYVDTKLDITSHNEDYTIVEQYE
RSEGRHHLFLGHGTGSTGSGSSGTASSEDNNMAVIKEFMRFKVRMEGSMNGHEF
EIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMAGSKAYVKHPADIPDY
KKLSFPEGFKWERVMNFEDGGLVTVTQDSSLQDGTLIYKVKMRGTNFPPDGPV
MQKKTMGWEASTERLYPRDGVLKGEIHQALKLKDGGHYLVEFKTIYMAKKPVQ
LPGYYYVDTKLDITSHNEDYTIVEQYERSEGRHHLFLYGMDELYK.

SEQ ID NO: 4 is a mammalian-codon-optimized nucleic acid sequence of mutant
tdTomato (referred to herein as “tdTomato DM1”, “DF tdTomato DM1”, “DM1”, and
“Dummy 17) that encodes the tdTomato DM1 polypeptide set forth as SEQ ID NO: 3:
atggtgagtaagggcgaggaagtgatcaaagagttcatgcggtttaaggtgagaatggaaggaageatgaacggecacgagtt
cgaaattgagggagaaggagagggacggccctacgagggeacccagacagecaagetgaaagtgacaaagggcgggcct
ctgecattcgettgggacatcctgageccacagtttatggecggcetccaaggectatgtgaaacatccagetgacattcecgattat
aagaaactgagcttccccgaggggtttaagtgegaaagagtgatgaacttcgaggacggaggcctggtgactgtgacccagga
cagctccctgeaggatgggaccctgatctacaaggtgaaaatgagagggacaaattttceccctgatggacctgtgatgeagaa
gaaaactatgggatgggaggcctccaccgaaaggctgtatccacgegacggggtectgaaaggagaaatccaccaggetetg
aagctgaaagatgggggoacattacctggtggagttcaagacaatctacatggecaagaaacctgtgcagetgecaggetactatt
acgtggacacaaaactggatatcacttcacacaacgaggactacactattgtggagcagtatgaacggagegaggggagacac
catctgttcctgggccatgggactggaagtaccggetcagggtetagtggaaccgectcaagegaggataacaatatggetgtg
atcaaagagttcatgaggtttaaggtecgcatggagggcageatgaatgggcacgaatttgagattgaaggagaggecgaagg
gaggccttacgagggcacacagactgecaagetgaaagtgaccaagggaggaccactgectttcgettgggatatectgtetec
tcagtttatggccggaagtaaggcctatgtcaageatcccgetgacattectgattacaagaaactgtctttcccagagggctttaa
gtgggagagagtgatgaattttgaagatggaggectggtgaccgtgacacaggactcctetctgeaggatggeactctgatctac
aaagtcaaaatgcgcggceaccaattttccacccgatgggeccgtgatgcagaagaaaacaatggggtgggaggccageactg
aacggctgtatcctagagacggagtgctgaagggegaaatccaccaggecctgaagetgaaagacggeggccactacctggt
ggagttcaaaaccatctacatggecaagaaaccagtgeagetgeeccggctattactatgtggacaccaagetggatatcacatcce
cacaatgaagactacaccattgtggaacagtatgagaggtctgaaggacgecaccatctgtttetgtacggeatggatgagcetgt
ataagtaa.

SEQ ID NO: 5 is amino acid sequence of a mutant tdTomato polypeptide that is a
dummy-fluorescent tdTomato polypeptide, that is referred to herein as “tdTomato DM2”,
“DF tdTomato DM2”, “DM2”, and “Dummy 2”; and that has a Y—=>G substitution at
amino acids corresponding to positions 68 and 310 in SEQ ID NO: 1:
MVSKGEEVIKEFMRFKVRMEGSMNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGP
LPFAWDILSPQFMGGSKAYVKHPADIPDYKKLSFPEGFKWERVMNFEDGGLVTV
TQDSSLQDGTLIYKVKMRGTNFPPDGPVMQKKTMGWEASTERLYPRDGVLKGEI
HQALKLKDGGHYLVEFKTIYMAKKPVQLPGYYYVDTKLDITSHNEDYTIVEQYE
RSEGRHHLFLGHGTGSTGSGSSGTASSEDNNMAVIKEFMRFKVRMEGSMNGHEF
EIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMGGSKAYVKHPADIPDY
KKLSFPEGFKWERVMNFEDGGLVTVTQDSSLOQDGTLIYKVKMRGTNFPPDGPV
MQKKTMGWEASTERLYPRDGVLKGEIHQALKLKDGGHYLVEFKTIYMAKKPVQ
LPGYYYVDTKLDITSHNEDYTIVEQYERSEGRHHLFLYGMDELYK.
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SEQ ID NO: 6 is a mammalian-codon-optimized nucleic acid sequence of mutant
tdTomato (referred to here as “tdTomato DM2”, “DM2”, “Dummy 2”, and “DF tdTomato
DM2) that encodes the tdTomato DM2 polypeptide set forth as SEQ ID NO: 5:
atggtgagtaagggcgaggaagtgatcaaagagttcatgcggtttaaggtgagaatggaaggaageatgaacggecacgagtt
cgaaattgagggagaaggagagggacggccctacgagggeacccagacagecaagetgaaagtgacaaagggcgggcct
ctgecattcgettgggacatectgageccacagtttatgggcggctccaaggectatgtgaaacatccagetgacattcccgattat
aagaaactgagcttccccgaggggtttaagtgegaaagagtgatgaacttcgaggacggaggcctggtgactgtgacccagga
cagctccctgeaggatgggaccectgatctacaaggtgaaaatgagagggacaaattttceccctgatggacctgtgatgeagaa
gaaaactatgggatgggaggcctccaccgaaaggctgtatccacgegacggggtectgaaaggagaaatccaccaggetetg
aagctgaaagatgggggoacattacctggtggagttcaagacaatctacatggecaagaaacctgtgcagetgecaggctactatt
acgtggacacaaaactggatatcacttcacacaacgaggactacactattgtggagcagtatgaacggagegaggggagacac
catctgttcctgggccatgggactggaagtaccggetcagggtetagtggaaccgectcaagegaggataacaatatggetgtg
atcaaagagttcatgaggtttaaggtgcgcatggagggcageatgaatgggcacgaatttgagattgaaggagagggcgaagg
gaggccttacgagggcacacagactgecaagetgaaagtgaccaagggaggaccactgectttcgettgggatatectgtetee
tcagtttatgggcggaagtaaggectatgtcaageatccegetgacattectgattacaagaaactgtctttcccagagggctttaa
gtgggagagagtgatgaattttgaagatggaggcctggtgaccgtgacacaggactectetetgeaggatggeactctgatcetac
aaagtcaaaatgcgcggceaccaattttccacccgatgggeccgtgatgcagaagaaaacaatggggtgggaggccageactg
aacggctgtatcctagagacggagtgctgaagggegaaatccaccaggecctgaagetgaaagacggeggccactacctggt
ggagttcaaaaccatctacatggecaagaaaccagtgeagetgeceggctattactatgtggacaccaagetggatatcacatce
cacaatgaagactacaccattgtggaacagtatgagaggtctgaaggacgecaccatctgtttetgtacggeatggatgagcetgt
ataagtaa.

SEQ ID NO: 7 is a representative amino acid sequence of tdTomato polypeptides with
amino acid residues that correspond to the amino acids in SEQ ID NO: 1 at 67, 68, 69,
309, 310, and 311 indicated as: X, X3, X3, X4, X5 ,and X, respectively. In SEQ ID NO:
1, X1isM, X518 Y, X318 G, X4 1s M, Xsis Y, and X4 is G. Amino acid substitutions at
positions X, X, X3 Xy, X5, and X¢ are shown in Table 1.
MVSKGEEVIKEFMRFKVRMEGSMNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGP
LPFAWDILSPQFX; X, X3SKAYVKHPADIPDYKKLSFPEGFKWERVMNFEDGGLVT
VTQDSSLQDGTLIYKVKMRGTNFPPDGPVMQKKTMGWEASTERLYPRDGVLKG
EIHQALKLKDGGHYLVEFKTIYMAKKPVQLPGYYYVDTKLDITSHNEDYTIVEQ
YERSEGRHHLFLGHGTGSTGSGSSGTASSEDNNMAVIKEFMRFKVRMEGSMNG
HEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFX X:XsKAYVKHPAD
IPDYKKLSFPEGFKWERVMNFEDGGLVTVTQDSSLQDGTLIYKVKMRGTNFPPD
GPVMQKKTMGWEASTERLYPRDGVLKGEIHQALKLKDGGHYLVEFKTIYMAKK
PVQLPGYYYVDTKLDITSHNEDYTIVEQYERSEGRHHLFLYGMDELYK.

SEQ ID NO: 8 is the amino acid sequence of ChrimsonR polypeptide, which is also
referred to as “ChR88R”:
MAELISSATRSLFAAGGINPWPNPYHHEDMGCGGMTPTGECFSTEWWCDPSYGL
SDAGYGYCFVEATGGYLVVGVEKKQAWLHSRGTPGEKIGAQVCQWIAFSIAIAL
LTFYGFSAWKATCGWEEVYVCCVEVLFVTLEIFKEFSSPATVYLSTGNHAYCLR
YFEWLLSCPVILIRLSNLSGLKNDY SKRTMGLIVSCVGMIVFGMAAGLATDWLK
WLLYIVSCIYGGYMYFQAAKCYVEANHSVPKGHCRMVVKLMAYAYFASWGSY
PILWAVGPEGLLKLSPYANSIGHSICDITAKEFWTFLAHHLRIKIHEHILIHGDIRKT
TKMEIGGEEVEVEEFVEEEDEDTYV.

SEQ ID NO: 9 is a mammalian-codon optimized DNA sequence encoding ChR88R light-
activated ion channel polypeptide set forth herein as SEQ ID NO: 8:
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atggctgagetgatcageagegecaccagatetetgtttgecgecggaggeatcaacecttggectaacecectaccaccacgag
gacatgggctgtggaggaatgacacctacaggegagtgcttcagecaccgagtggtggtgtgacccttcttacggactgagegac
gccggatacggatattgcttcgtggaggccacaggeggctacctggtegtgggagtggagaagaageaggcttggetgcaca

gcagaggcacaccaggagaaaagatcggegeccaggtetgecagtggattgcetttcageatcgecategeectgetgacattct
acggcttcagecgectggaaggccacttgeggttgggaggagatctacgtetgttgegtegaggtgctgttegtgaccetggagat
cttcaaggagttcagcagecccgecacagtgtacctgtetaccggeaaccacgectattgectgegetacttcgagtggctgetgt
cttgececgtgatectgatcagactgagcaacctgageggectgaagaacgactacageaageggaccatgggectgatcgtg
tettgegtgggaatgategtgttcggcatggecgcaggactggctaccgattggetcaagtggetgctgtatatcgtgtettgcate
tacggcggctacatgtacttccaggecgecaagtgetacgtggaagecaaccacagegtgcectaaaggecattgecgeatggte
gtgaagctgatggectacgcettacttcgectettggggcagetacccaatectctgggcagtgggaccagaaggactgctgaag

ctgagcccttacgccaacageatcggecacageatctgegacatcatcgecaaggagttttggaccttecctggeccaccacctga
ggatcaagatccacgagceacatcctgatccacggegacatccggaagaccaccaagatggagatcggagecgaggaggeteg

aagtggaagagttcgtggaggaggaggacgaggacacagte.

SEQ ID NO: 10 is the DNA sequence of the ER export sequence (also referred to herein
as “ER2”: ttctgctacgagaatgaagtg.

SEQ ID NO: 11 is the amino acid sequence of the ER export sequence encoded by SEQ
ID NO: 10 and also referred to herein as “ER2”: FCYENEV.

SEQ ID NO: 12 is the DNA sequence of KGC, which is a C terminal export sequence
from the potassium channel Kir2.1:
aaatccagaattacttctgaaggggagtatatccctctggatcaaatagacatcaatgtt.

SEQ ID NO: 13 is the amino acid sequence of KGC encoded by SEQ ID NO: 12, which
is a C terminal export sequence from the potassium channel Kir2.1:
KSRITSEGEYIPLDQIDINV.

SEQ ID NO: 14 is the DNA sequence of SS, which is a signal peptide that is destined
towards the secretory pathway:

(atg)gtcecegtgeacgetgctectgcetgttggcageegecctggetecgactcagacgegggcc.

SEQ ID NO: 15 is the amino acid sequence of SS encoded by SEQ ID NO: 14:
(M)VPCTLLLLLAAALAPTQTRA.

SEQ ID NO: 16 is nucleic acid sequence of synapsin promoter, also referred to herein as
“syn”:
Ctagactgcagagggccctgegtatgagtgcaagtgggttttaggaccaggatgaggcggggtgggggtocctacctgacga
ccgaccecgacccactggacaageacccaacceccattccccaaattgegeatceectatcagagagggggaggggaaaca
ggatgcggcgaggcgegtgcgeactgecagettcageaccgeggacagtgecttcgecceegectggeggegegegecace
gecgectcageactgaaggegegetgacgtcactegeecggteccccgeaaactecccttcecggecaccttggtegegteege
geegeegeeggeccagecggaccgeaccacgegaggegegagataggggggcacgggcgcgaccatetgegetgegge
gceggegactcagegetgecteagtetgeggtgggcageggaggagtegtategtecctgagagegeagtegaga.

SEQ ID NO: 17 is nucleic acid sequence of a hemagglutinin: tacccatacgatgttccagattacgct.

SEQ ID NO: 18 is amino acid sequence of the hemagglutinin polypeptide encoded by
SEQID NO: 17: YPYDVPDYA.
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SEQ ID NO: 19 is nucleic acid sequence of Ubi promoter, also referred to herein as
“ubi”:
gggtgcageggccteccgegecgggttttggegectecegegggegeccecctectcacggegagegetgecacgtcagacg
aagggcgcagegagegtectgatecttcegeccggacgetcaggacageggeccgetgetcataagactcggecttagaace
ccagtatcagcagaaggacattttaggacgggacttgggtgactctagggcactggttttctttccagagageggaacaggega

ggaaaagtagtcecttctcggegattetgecggagggatctecgtggggcggteaacgecgatgattatataaggacgegeegg
gtgtggcacagetagttcegtcgeagecgggatttgggtegeggttcttgtttgtggategetgtgategteacttggtgagtageg
ggctgctggactggccggggctttcgtggccgecgggecgetcggtgggacggaagegtgtggagagaccgecaagggct
gtagtctgggtccgegageaaggttgcectgaactggggottgogoooagcgcagcaaaatggeggctgttcccgagtettga
atggaagacgcttgtgaggcgggctgtgaggtcgttgaaacaaggtgggggocatggtogocggcaagaacccaaggtctte
aggccttcgctaatgegggaaagetcttattcgggtgagatgggctggggecaccatctggggacectgacgtgaagtttgtcact
gactggagaactcggtttgtcgtetgttgcggggocggcagttatggcggteccgttgggcagtgcaccegtacctttgggagc
gegegecectegtegtgtegtgacgteaccegttetgttggcttataatgcagggtgggeccacctgecggtaggtgtecggtagg

cttttctcegtecgeaggacgeagggttcgggcctagggtaggctetectgaatcgacaggegecggacctetggtgaggggag
ggataagtgaggcgtcagtttctttggteggttttatgtacctatcttcttaagtagetgaagetecggttttgaactatgegetecgggg

ttggcgagtgtgttttgteaagttttttaggcaccttttgaaatgtaatcatttgggtcaatatgtaattttcagtgttagactagtaaa.

DETAILED DESCRIPTION

The invention, in part, relates to compositions, pharmaceutical compositions, and
molecules that can be used in optogenetic compounds, fusion proteins, and methods used
in cells and subjects. The invention in some aspects includes expression of fusion
proteins comprising a polypeptide that is a Dummy-fluorescent polypeptide. For
example, some aspects of the invention include use of mutated tandem dimer Tomato
(tdTomato) polypeptide that is a dummy-fluorescent (DF) tdTomato polypeptide.

In some aspects of the invention, a fusion protein that includes a dummy-
fluorescent polypeptide also includes a polypeptide that is of interest to express, for
example, in a cell. In some aspects of the invention, a polypeptide of interest to express
in a cell is an opsin polypeptide such as a stimulus-activated ion channel polypeptide or a
stimulus-activated ion pump polypeptide. In certain aspects of the invention, a molecule
of interest to express in a cell is an opsin molecule that is a light-activated ion channel
polypeptide or its encoding polynucleotide sequence or a light-activated ion pump
polypeptide or its encoding polynucleotide sequence.

In some aspects of the invention a polypeptide of interest may be expressed in a
fusion protein that also comprises one or more dummy-fluorescent polypeptides of the
invention. The invention, in part, also relates to use of dummy-fluorescent polypeptides
in diagnostic methods, assays to assess candidate therapeutic agents, methods of treating
diseases and conditions in subjects, and other methods. Methods of the invention, in
certain embodiments, comprise expressing at least one fusion protein in a cell and/or in a

subject, wherein the fusion protein comprises a dummy-fluorescent polypeptide and a
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polypeptide of interest. In some embodiments of the invention, a fusion protein
comprising a polypeptide of interest and a dummy-fluorescent polypeptide of the
invention also comprises one or more of a trafficking polypeptide, a targeting
polypeptide, a detectably labeled polypeptide, or other polypeptide. The invention, in
part, also relates to methods of treating diseases and conditions in subject that include
expressing fusion proteins in cells in a subject, wherein a fusion protein expressed in one
or more cells in the subject comprises a dummy-fluorescent polypeptide of the invention
and a polypeptide of interest.

The invention, in part, relates to the use of modified (also referred to herein as
“mutated”) fluorescent polypeptides that retain structure, but do not fluoresce. Non-
limiting example of a fluorescent polypeptide and encoding polynucleotide is a red
fluorescent polypeptide and its encoding polynucleotides. The invention in part, includes
mutated or modified fluorescent polypeptides that have reduced or eliminated levels of
fluorescence, and their encoding polynucleotides, which are referred to herein as
“dummy-fluorescent” polypeptides and polynucleotides, respectively.

The presence of fluorescent polypeptides in cells has been determined to cause
damage or toxicity to the cells due to the fluorescence. Dummy-fluorescent polypeptides
of the invention can be expressed in fusion proteins, in cells and subjects, and can be used
in optogenetic assays and treatment methods. Because dummy-fluorescent proteins of the
invention lack the florescence level of traditional fluorescent proteins, their inclusion in
fusion proteins that are expressed in cells, tissues, and subjects reduces or eliminates
damage and toxicity compared to that resulting from inclusion of traditional fluorescing
fluorescent proteins in the fusion proteins.

Numerous fluorescent polypeptides are known in the art and are used routinely in
optogenetic and other molecular biology methods. Examples of fluorescent polypeptides
include, but are not limited to: tdTomato, mCherry, red fluorescent protein (RFP), DS-
Red monomer, mPlum, mCitrine, J-Red, mOrange, Venus, YPet, Cerulean, Emerald, T-
sapphire and functional variants thereof. [see Shaner, N, et al., (2005) Nature Methods,
vol. 2, No. 12, 905-909 and supplemental materials, the content of which is incorporated
by reference herein in its entirety.] As used herein, the term “functional variant” used in
the context of a fluorescent polypeptide or its encoding polynucleotide, means a
polypeptide or polynucleotide that differs in sequence from its parent polypeptide or
encoding polynucleotide, respectively, but retains all or a significant level of the

fluorescence of its parent molecule. Examples of fluorescent polypeptides and
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fluorescent functional variants thereof and their encoding polynucleotides are known and
used in the art.

A non-limiting example of a fluorescent polypeptide is a red fluorescent protein
known as: tdTomato. The amino acid sequence of tdTomato and its encoding
polynucleotide sequence are provided herein as SEQ ID NOs: 1 and 2, respectively. Non-
limiting examples of dummy-fluorescent molecules of the invention are the tdTomato
DMI polypeptide having the amino acid sequence set forth herein as SEQ ID NO: 3 and
DF functional variants thereof, and the polynucleotide sequence that encodes SEQ ID
NO: 3, which is set forth herein as SEQ ID NO: 4 and DF functional variants thereof.
Additional non-limiting examples of dummy-fluorescent molecules are the tdTomato
DM2 polypeptide having amino acid sequence set forth herein as SEQ ID NO: 5, and DF
functional variants thereof, and the polynucleotide sequence that encodes SEQ ID NO: 5,
which is set forth herein as SEQ ID NO: 6, and DF functional variants thereof.

Additional dummy-fluorescent polypeptides that are fluorescent tdTomato
polypeptide variants (mutants) comprise a sequence set forth as SEQ ID NO: 7 with
amino acid substitutions at positions corresponding to positions indicated as X, X, X3,
X4, Xs and X in SEQ ID NO: 7, which correspond to positions 67, 68, 69, 309, 310, and
311, respectively in SEQ ID NO: 1. Amino acid sequence modifications comprising
amino acid substitutions at positions X, X,, X3 X4, Xs, and X¢ are shown in Table 1 and
may be made in the sequence of a tdTomato polypeptide resulting in a dummy-
fluorescent tdTomato polypeptide. It will be understood that a dummy-fluorescent
tdTomato polypeptide of the invention may include one or more additional sequence
modifications that may not directly impact fluorescence of the resulting polypeptide
compared to that of SEQ ID NO: 1. For example, a DF-polypeptide of the invention may
include one or more sequence modifications compared to the sequence of SEQ ID NO: 1
wherein the modification(s) alter one or more characteristics other than a fluorescent
characteristic, such as but not limited to: a level of expression, longevity, localization,
trafficking, etc. In some aspects of the invention, a dummy-fluorescent tdTomato
polypeptide may comprise one or more sequence modifications (compared to SEQ ID
NO: 1) that alter (increase or decrease) one or more functional characteristics compared
to those characteristics of SEQ ID NO: 1. Table 1 shows certain embodiments of
substitution combinations for: [X; and X4], which correspond to amino acid positions 67
and 309, respectively, in SEQ ID NO: 1, and as shown in SEQ ID NO: 7); [X; and X5],
which correspond to amino acid positions 68 and 310, respectively, in SEQ ID NO: 1, and
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5 as shown in SEQ ID NO: 7); and [X3 and Xs], which correspond to amino acid positions
69 and 311, respectively, in SEQ ID NO: 1, and as shown in SEQ ID NO: 7.

Table 1: Lines 1-24 show certain embodiments of combinations of substitutions that may
be included in a tdTomato polypeptide resulting in a dummy-fluorescent tdTomato

10  polypeptide of the invention. In addition, amino acids at positions corresponding to
residues at X, X, X3 Xy, Xs, and X in tdTomato DM, tdTomato DM2, and tdTomato
are shown in lines 25-27 of the Table.

Line Number X;and Xy X, and X5 Xjand Xe
amino acids amino acids | amino acids

1 M G G
2 M A G
3 G G G
4 G A G
5 A A G
6 M Y A
7 M Y S
8 M L G
9 M A G
10 M 1 G
11 G L G
12 G I G
13 G \% G
14 A L G
15 A A% G
16 A 1 G
17 A M G
18 G M G
19 G S G
20 A S G
21 A T G
22 G T G
23 G C G
24 A C G
25: amino acids at the indicated | M A G
positions in tdTomato DM 1
SEQID NO: 3
26: amino acids at the indicated | M G G
positions in tdTomato DM2
SEQID NO: 5
27: amino acids at the indicated | M Y G
positions in tdTomato
SEQ ID NO: 1:

As used herein, the term: “dummy-fluorescent” is abbreviated as “DF”, and thus a

15 dummy-fluorescent tdTomato polypeptide may also be referred to herein as a DF
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tdTomato polypeptide, a tdTomato-Dummy, and a dummy-fluorescent tdTomato
polypeptide. Similarly, a dummy-fluorescent tdTomato polypeptide encoding
polynucleotide may also be referred to herein as: a DF tdTomato polynucleotide, a
tdTomato-Dummy, and a dummy-fluorescent tdTomato polynucleotide. In addition, with
respect to a fluorescence of a polypeptide or polynucleotide, the term “dummy” is used
herein interchangeably with “dummy-fluorescent” and “DF”.

Certain embodiments of the invention include dummy-fluorescent tdTomato
molecules that are polypeptides in fusion proteins or polynucleotide sequences in vectors
that encode fusion proteins. Aspects of the invention include such fusion proteins and
vectors that are in cells, including in vitro, in vivo, and ex vivo cells. A fusion protein of
the invention may, in some aspects, comprise an opsin polypeptide and one or more of a
DF polypeptide, for example, though not intended to be limiting: tdTomato polypeptide
set forth as SEQ ID NO: 3 or a DF functional variant thereof; SEQ ID NO: 5 or a DF
functional variant thereof, or a tdTomato dummy based on a parent Tomato polypeptide
sequence that comprises the substitutions set forth in one of lines 1-25 of Table 1, or a DF
functional variant thereof.

A non-limiting example of a light-activated opsin polypeptide that may be used in
some embodiments of the invention is a ChrimsonR polypeptide (also referred to herein
as ChR88R) and functional variants thereof. The light-activated opsin polypeptide
ChR88R (SEQ ID NO: 8) is a variant of the Chrimson polypeptide, referred to as ChR88,
which is a channelrhodopsin originally derived from the species Chlamydomonas
noctigama, see PCT Publication No. PCT/US2012/064665, the content of which is
incorporated by reference herein in its entirety.

A plasmid construct may be used in some embodiments of the invention, to
deliver and/or express a DF polypeptide fused to a light-activated opsin polypeptide, and
the construct may comprise a DF molecule, a light-activated opsin molecule, and one or
more of: an AAV-Adeno-associated virus; a trafficking sequence, a signal sequence, an
export sequence, a Syn-synapsin promoter, such as but not limited to SEQ ID NO: 16 [see
Kugler, S. et al., Gene Therapy 10, 337-347, (2003)]; an HA-hemagglutinin, such as but
not limited to SEQ ID NO: 17 [see Niman, H. L. et al., Proc. Natl. Acad. Sci. USA
80:4949-4953 (1983)]; an SS-signal sequence, such as but not limited to SEQ ID NO: 14
[see Chow B.Y. et al., Nature, 463, 98-102(2010)]; a truncated MHC class I antigen
corresponding to amino acid sequence, such as but not limited to SEQ ID NO: 15 [see

Chow, X. et al., Nature 463, 98-102 (2010)]; an ER2- Endoplasmic reticulum export
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signal, such as but not limited to SEQ ID NO: 10 [C-terminus from Kir2.1, see Gradinaru,
V. et al., Brain Cell Biol. 36, 129-139 (2008)]. In some aspects of the invention, a Ubi
promoter sequence may also be included, such as but not limited to SEQ ID NO: 19 [see
Christensen A H. & Quail P.H. Transgenic Res. 5 (3):213-8, (1996)]. The content of each
of the above references is incorporated herein by reference in its entirety.

Non-limiting examples of plasmid constructs of the invention that may be used to
deliver and/or express a DF tdTomato polypeptide fused to a light-activated opsin
polypeptide of the invention comprise a DF tdTomato molecule of the invention, a light-
activated opsin molecule, and one or more of: an AAV-Adeno-associated virus; a Syn-
synapsin promoter, a non-limiting example of which is set forth as SEQ ID NO: 16; an
HA-hemagglutinin, a non-limiting example of which is set forth as SEQ ID NO: 17, an
SS-signal sequence, a non-limiting example of which is SEQ ID NO: 14, a truncated
MHC class I antigen corresponding to amino acid sequence, a non-limiting example of
which is SEQ ID NO: 15, and an ER2- Endoplasmic reticulum export signal, a non-
limiting example of which is SEQ ID NO: 10. Non-limiting examples of constructs that
may be used to express a DF tdTomato polypeptide fused to a light-activated opsin
polypeptide and that may be included in certain compositions of the invention, and used
in certain embodiments of methods of the invention are: an AAV-Syn-ChrimsonR-
tdTomato-Dummy 1 construct, and an AAV-Syn-ChrimsonR-tdTomato-Dummy 2
construct, an AAV-Syn-ChrimsonR-tdTomato-Dummy that includes substitutions in
tdTomato sequence of SEQ ID NO: 1 as described in one of lines 1-25 of Table 1. A
non-limiting example of wild-type tdTomato construct is an AAV-Syn-ChrimsonR-
tdTomato virus construct.

As used herein, polypeptide components of a fusion protein, such as, but not
limited to: a DF polypeptide, an opsin polypeptide, a targeting polypeptide, a signal
polypeptide, a detectable label polypeptide, may be referred to being “fused” to each
other. For example, when referring to a DF polypeptide and an opsin that are part of a
fusion protein, the DF polypeptide may be referred to as being “fused” to the opsin
polypeptide.

In some aspects of the invention, in addition to a DF polypeptide and an opsin
polypeptide, a fusion protein may include one or more of a trafficking polypeptide, a
signal polypeptide, a targeting polypeptide, and functional variants thereof of the
invention. Trafficking polypeptides, export polypeptides, signal polypeptides, targeting

polypeptides are known in the art and can be included in a fusion protein to direct the
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location, (also referred to as: localization), of the expressed polypeptide to a specific cell
region of interest such as a membrane etc.

Compositions of the invention may include a DF molecule or a DF functional
variant thereof, an opsin molecule, and one or more additional molecules. In some
embodiments of the invention, a DF molecule or a DF functional variant thereof is a
polypeptide. In certain embodiments of the invention, a DF molecule or a DF functional
variant thereof is a polynucleotide with a nucleic acid sequence that encodes a DF
molecule or a DF functional variant thereof. A DF polypeptide or DF functional variant
thereof may be used in embodiments of the invention that include an opsin that is a
stimulus-activated opsin. In some aspects of the invention, a stimulus-activated opsin
may be a light-activated opsin and may be a light-activated ion channel polypeptide or a
light-activated ion pump polypeptide.

A non-limiting example of an opsin molecule that may be included in a fusion
protein or encoding vector (polypeptides and/or polynucleotides), is a channelrhodopsin,
halorhodopsin, Archaerhodopsin, or Leptosphaeria rhodopsin polypeptide or encoding
polynucleotide, numerous of which are known in the art and used as tools for optical
control of membrane potential in cells. Such opsins and their functional variants are
routinely expressed in fusion proteins and used in optogenetic methods and compositions.
Expression of such an opsin in a cell permits modulation of the cell’s membrane potential
when the cell is contacted with a suitable light under suitable conditions to activate the
opsin. Methods to prepare and express a light-activated opsin in a cell and in a subject
are well known in the art, as are methods to select and apply an appropriate wavelength of
light to the cell in which the opsin is expressed under suitable conditions to activate the
expressed opsin channel or ion pump in the cell. In some aspects of the invention one or
more DF polypeptides, or DF functional variants thereof may be expressed in two or
more fusion proteins comprising one or more independently selected opsins that are
expressed in a cell and/or subject. In certain aspects of the invention different
wavelengths of light may be applied to a cell or cells comprising one or more fusion
proteins, respectively, in order to activate the independently selected opsins, which may
be activated by different wavelengths of light. Methods of adjusting illumination
variables are known in the art and representative methods can be found in publications
such as: Lin, J, et al., Biophys. J. 2009 Mar 4;96(5):1803-14; Wang, H., et al., 2007 Proc
Natl Acad Sci U S A. 2007 May 8;104(19):8143-8. Epub 2007 May 1; the contents of

each of which is incorporated herein by reference in its entirety. It will be understood
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that an opsin polypeptide that is activated or inhibited by light or that is activated or
inhibited by another stimulation means can be used in aspects of compositions and
methods of the invention.

In certain implementations, the invention comprises methods for preparing and
using genes encoding light-activated opsins such as light-activated ion channel
polypeptides and light-activated ion pumps in vectors that also include a nucleic acid
molecule that encodes a DF polypeptide or a DF functional variant thereof. The
invention, in part, also includes polynucleotides comprising nucleic acid sequences that
encode DF polypeptides and DF functional variants thereof of the invention as well as
vectors and constructs that comprise such nucleic acid sequences. In some embodiments,
the invention includes expression in cells, tissues, and subjects of polypeptides encoded

by the nucleic acid sequences.

Dummy-fluorescent Sequences and Functional Variants

As used herein the term “dummy-fluorescent” molecule means a DF polypeptide
or encoding nucleic acid molecule of the invention or a DF functional variant of a DF
polypeptide or encoding nucleic acid molecule of the invention. The term “variant” as
used herein in the context of polypeptide molecules and/or polynucleotide molecules,
describes a molecule with one or more of the following characteristics: (1) the variant
differs in sequence from the molecule of which it is a variant, and may be equivalent in
length to its parent sequence, or may be longer or shorter than its parent sequence; (2) the
variant is a fragment of its parent molecule and is identical in sequence to the
corresponding sequence in the parent molecule; and (3) the variant is a fragment of its
parent sequence and differs in sequence from the corresponding sequence in the parent
molecule. As used herein, the term “parent” in reference to a sequence means a sequence
from which a variant directly originates and from which it is derived. As a non-limiting
example, with respect to DF tdTomato sequences of the invention, SEQ ID NO: 1 is
considered the parent sequence of at the dummy-tdTomato polypeptides set forth in Table
1. In addition, SEQ ID NO: 3 is a parent sequence for DF tdTomato DM1 DF functional
variant sequences of the invention; SEQ ID NO: 5 is a parent sequence for DF tdTomato
DM2 DF functional variant sequences of the invention; and the each of the other dummy-
tdTomato sequences described in Table 1 are a parent of their DF functional variant

sequences.

19



10

15

20

25

30

35

WO 2018/017831 PCT/US2017/043065

Additional dummy tdTomato polypeptides are described in Table 1, which
indicates positions of substituted amino acids that correspond to positions at 67, 68, 69,
309, 310, and 311 in SEQ ID NO: 1 that are shown in SEQ ID NO: 7 as: X, X, X3 Xy,
Xs, and X, respectively. It will be understood that the dummy-tdTomato polypeptides of
the invention that are described in Table 1, lines 1-26 include the sequence set forth as
SEQ ID NO:1 with the described substitutions, and DF functional variants thereof. As
non-limiting examples, dummy-tdTomato polypeptides of the invention may include the
sequence set forth as SEQ ID NO: 1 except with the amino acid “A” in the positions that
correspond to residues 67, 68, 109 and 110 of SEQ ID NO: 1 and the amino acid “G” in
the positions that correspond to residues 69 and 111; and DF functional variants thereof
that include one or more sequence modifications to the sequence set forth as SEQ ID NO:
1 in addition to the A, A, G substitutions described in Table 1, line 5. Other non-limiting
examples of dummy-tdTomato polypeptides of the invention may be based on the
sequence set forth as SEQ ID NO: 1, except with the amino acid “M” in the positions that
correspond to residues 67 and 109 of SEQ ID NO: 1, the amino acid “Y” in the positions
that correspond to residues 68 and 110, and the amino acid “A” in the positions that
correspond to residues 69 and 111; and DF functional variants thereof that include one or
more sequence modifications in sequence set forth as SEQ ID NO: 1 in addition to the M,
Y, A substitutions described in Table 1, line 6.

A DF tdTomato polypeptide of the invention may have the amino acid sequence
set forth as SEQ ID NO: 3 or 5, a DF polypeptide sequence described in Table 1, or a DF
functional variant of the polypeptide set forth as SEQ ID NO: 3, 5, or another of the DF
tdTomato polypeptides described in Table 1. As used herein the term “modified” or
“modification” in reference to a polypeptide sequence or a polynucleotide sequence refers
toachange of 1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24,25, or more amino acids or nucleic acids, respectively, in the sequence as compared to
the parent amino acid sequence set forth herein as SEQ ID NO: 3, SEQ ID NO: 5, or
another of the DF tdTomato polypeptides described in Table 1, or its encoding nucleic
acid sequence. As used herein, a sequence change or modification may be one or more of
a substitution, deletion, insertion or a combination thereof. For example, though not
intended to be limiting: the amino acid sequence of a DF variant DF tdTomato
polypeptide may be identical to the DF tdTomato sequence set forth as SEQ ID NO: 3
except that it has one, two, three, four, five, or more amino acid substitutions, deletions,

insertions, or combinations thereof.
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The invention, in some aspects includes DF polypeptides and DF functional
variants thereof, and their encoding nucleic acid molecules, that have one or more
substitutions or other modifications from molecules described herein, while retaining at
least a portion of the function of the parent molecule of which they are a variant. For
example, a DF polypeptide sequence can be modified with one or more substitutions,
deletions, insertions, combinations thereof, or other modifications and can be tested using
methods described herein for characteristics including, but not limited to: expression, cell
localization, expression and activity of an opsin that is co-expressed in a fusion protein
with the DF polypeptide variant, and fluorescence level of the expressed DF polypeptide
variant, etc. Using routine methods, these and other characteristics of DF variants can be
examined in vifro and can also be determined in a cell in which the fusion protein
comprising the DF variant and an opsin are expressed.

In some aspects of the invention, a DF functional variant of a DF polypeptide has
at least a portion of a non-fluorescence characteristic of a DF polypeptide of which it is a
DF variant. Non-limiting examples include a DF functional variant of the sequence set
forth as SEQ ID NO: 3, SEQ ID NO: 5, or another DF polypeptide set forth in Table 1
would have at least a portion of a non-fluorescence characteristic of its parent DF
polypeptide. It will be understood that the lack of fluorescence of a DF polypeptide of
the invention such as SEQ ID NO: 3, SEQ ID NO: 5, or another DF polypeptide
described in Table 1 is a loss of function. Thus, for example, though not intended to be
limiting, SEQ ID NO: 3 and SEQ ID NO: 5 both have a loss of fluorescence compared to
their parent sequence, which is SEQ ID NO: 1. In some embodiments of the invention, a
DF functional variant of SEQ ID NO: 3, SEQ ID NO: 5, or another DF tdTomato
polypeptide described in Table 1, has an equivalent level of fluorescence as its DF
tdTomato parent, (e.g., essentially no fluorescence). In certain embodiments of the
invention, a DF functional variant of SEQ ID NO: 3, SEQ ID NO: 5, or another DF
tdTomato polypeptides described in Table 1 may have a higher level of fluorescence than
its DF tdTomato polypeptide parent, but will have a reduced level of fluorescence
compared to that of SEQ ID NO: 1, as measured under the same conditions. In certain
aspects of the invention, a DF polypeptide functional variant has a level of fluorescence
that one of’ less than, the same as, or more than the level of fluorescence of its parent
polypeptide if its parent is a DF polypeptide, and the DF polypeptide functional variant
will have less than 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%,
65%, 70%, 75%, 80%, 85%, 90%, 95%, or 100% (including all integers in the stated
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range) of a level of fluorescence of a full-fluorescence, original-level-fluorescence, non-
reduced fluorescent polypeptide from which the DF polypeptide or its parent was
originally derived. For example, the tdTomato polypeptide set forth as SEQ ID NO: 1 is
considered to be a “full-fluorescence polypeptide”, to have a level of fluorescence that
“original-level-fluorescence”, and is considered to be a “non-reduced-fluorescence level
polypeptide”. The amino acid sequence set forth herein as SEQ ID NO: 1 is the parent
sequence from which DF polypeptides set forth as SEQ ID NO: 3, SEQ ID NO: 5, and the
DF tdTomato polypeptides described in lines 1-25 of Table 1, are referred to has having
been originally derived.

A DF functional variant of a DF polypeptide may have the same level, a lower
level, or a higher level of fluorescence compared to its parent DF polypeptide. For
example, a DF functional variant of SEQ ID NO: 3 measured under the same conditions
may have one of the same level, a lower level, or a higher level of fluorescence as SEQ
ID NO: 3 under the same conditions, and would have a level of fluorescence that is less
than 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%, 95%, or 100% (including all integers in the stated range) of a level
of fluorescence of SEQ ID NO: 1, which is the full-fluorescence, original-level-
fluorescence, non-reduced-fluorescence-level polypeptide when measured under the same
conditions.

It will be understood that in some embodiments of the invention, a DF functional
variant of a DF polypeptide may have an amino acid sequence that corresponds to the
amino acid sequence of its parent polypeptide or a variant thereof, but without 1, 2, 3, 4,
5.6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29,
30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, or more
amino acids corresponding to the amino acid sequence of its parent polypeptide. For
example, though not intended to be limiting: in some embodiments of the invention a DF
functional variant has an amino acid sequence that corresponds to the amino acid
sequence of SEQ ID NO: 3 or a variant thereof, SEQ ID NO: 5 or a variant thereof, or
another DF tdTomato polypeptide described in Table 1, or a variant thereof but without 1,
2,3.4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,
28,29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, or
more amino acids corresponding to the amino acid sequence of set forth herein as SEQ ID
NO: 3, SEQ ID NO: 5, or the other DF tdTomato polypeptide described in Table 1,

respectively. In some aspects of the invention, a DF functional variant may be a fragment
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of its parent DF polypeptide, wherein the fragment has at least 75%, 80%, 81%, 82%,
83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, 99%, or 100% sequence identity to the region of the amino acid sequence of its
parent sequence with which it aligns. For example, though not intended to be limiting, in
some embodiments of the invention a functional variant may be a fragment of the
polypeptide set forth herein as SEQ ID NO: 3, SEQ ID NO: 5, or another DF tdTomato
polypeptide described in Table 1, and the fragment has at least 75%, 80%, 81%, 82%,
83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, 99%, or 100% sequence identity to the region of the amino acid sequence of SEQ
ID NO: 3, 5, or the other DF tdTomato polypeptide described in Table 1, respectively,
with which it aligns.

In certain aspects of the invention a DF functional variant of a DF polypeptide
may comprise an amino acid sequence set forth as the amino acid sequence of the DF
polypeptide’s parent polypeptide, or a fragment thereof wherein the DF polypeptide
includes one or more additional amino acids compared to its parent. For example, though
not intended to be limiting, a DF functional variant may include one or more additional
amino acids at the C terminus and/or N terminus that are not present in SEQ ID NO: 3 or
a fragment thereof, SEQ ID NO: 5 or a fragment thereof, or another DF tdTomato
polypeptide described in Table 1 or a fragment thereof.

In certain aspects, the invention includes compositions and methods comprising a
DF tdTomato polypeptide that is a fragment of the DF tdTomato amino acid sequence of
SEQ ID NO: 3, SEQ ID NO: 5, or another DF tdTomato polypeptide described in Table 1
or that is greater in length than SEQ ID NO: 3, SEQ ID NO: 5, or the other DF tdTomato
polypeptide described in Table 1, and that retains at least a portion of the non-
fluorescence “function” of the SEQ ID NO: 3, SEQ ID NO: 5, or the other DF tdTomato
polypeptide described in Table 1, respectively, and has a reduced level of fluorescence or
zero level of fluorescence compared to the fluorescence level of SEQ ID NO: 1 as
determined or measured under the same conditions. A DF functional variant of the DF
polypeptide set forth as SEQ ID NO: 3, SEQ ID NO: 5, or another DF tdTomato
polypeptide described in Table 1 may be shorter or longer than the sequence of SEQ ID
NO: 3, SEQ ID NO: 5, or the other DF tdTomato polypeptide described in Table 1, as set
forth herein.

A functional variant polypeptide, for example though not intended to be limiting:

a DF functional variant polypeptide (also referred to herein as a DF functional “modified”
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polypeptide) may include one or more deletions, point mutations, truncations, amino acid
substitutions and/or additions of amino acids or non-amino acid moieties. Modifications
of a polypeptide of the invention, non-limiting examples of which are DF tdTomato
polypeptides set forth as SEQ ID NO: 3, SEQ ID NO: 5, and other DF tdTomato
polypeptides described in Table 1, may be made in certain aspects of the invention by
modification of the nucleic acid sequence that encodes the polypeptide. Modifications of
the molecules of the invention also embrace fusion proteins comprising all or part of the
amino acid sequence set forth as SEQ ID NO: 3, SEQ ID NO: 5, a DF tdTomato
polypeptide described in Table 1, and DF functional variants thereof. Functional variants
of other components of vectors and/or fusion proteins are also envisioned, for example
functional variants of ER2, SS, hemagglutinin, syn promoters, Kir2 sequences and other
export sequences, signal sequences, trafficking sequences etc. that may be include in
vectors or fusion proteins of the invention.

In certain embodiments of the invention a polypeptide variant may be a
polypeptide that is modified specifically to alter a feature of the polypeptide that may be,
but need not be related to its physiological activity. For example, though not intended to
be limiting, one or more amino acid residues may substituted, deleted, altered, or added to
a DF polypeptide resulting in a DF variant that has one or more of’ increased stability,
increased delivery efficiency; less toxicity, etc. in a cell in which it is expressed. In
conjunction with teaching provided herein, a skilled artisan can use art-known methods to
envision, prepare, and utilize additional DF functional variants of DF polypeptides,
including but not limited to those set forth herein as SEQ ID NO: 3, SEQ ID NO:5, and
the other DF tdTomato polypeptides described in Table 1 but with one, two, three, four,
or more additional amino acid substitutions, deletions, additions, or combinations thereof.

Polypeptides suitable for use in methods of the invention can be synthesized with
modifications and/or modifications can be made in a polypeptide by selecting and
introducing an amino acid substitution, deletion, alteration, or addition. Modified
polypeptides then can be tested for one or more activities [e.g., level of fluorescence;
toxicity; accurate conformation, localization, activity of a co-expressed opsin
polypeptide; stability; etc.] to determine which modification provides a modified (e.g.
variant) polypeptide with the desired properties and function, and to determine if the
variant is a DF functional variant.

The skilled artisan will also realize that in some aspects of the invention one or

more conservative amino acid substitutions may be made in a DF polypeptide of the
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invention to provide DF functional variant polypeptides, i.e., a DF variant DF that retains
at least a portion of a functional capability of the un-modified polypeptide. As used
herein, a “conservative amino acid substitution” refers to an amino acid substitution that
does not alter the relative charge or size characteristics of the polypeptide in which the
amino acid substitution is made. Conservative substitutions of amino acids may, in some
embodiments of the invention, include substitutions made amongst amino acids within the
following groups: (a) M, L L, V; (b)) F, Y, W; (¢) K, R, H; (d) A, G; (e) S, T; (f) Q, N; and
(g) E, D. Polypeptide variants can be prepared according to methods for altering
polypeptide sequence and known to one of ordinary skill in the art such. Non-limiting
examples of DF functional variants of a DF tdTomato polypeptide of the invention are DF
tdTomato polypeptides comprising conservative amino acid substitutions of a DF
tdTomato DM1 or DM2 polypeptide set forth herein as SEQ ID NOs: 3 and 5,
respectively, and one or more of the other dummy-fluorescent polypeptides described in
Table 1.

The invention, in part, includes functional variants of a nucleic acid sequence that
encodes a DF polypeptide. For example, though not intended to be limiting, the invention
in some embodiments includes functional variants of a nucleic acid sequence that encodes
a DF tdTomato polypeptide set forth herein as SEQ ID NO: 3, SEQ ID NO: 5, or another
of the dummy-tdTomato polypeptides described in Table 1. A functional variant of a DF
nucleic acid sequence has at least 60%, 65%, 70%, 75%, 80%, 81%, 82%, 83%, 84%,
85%, 86%, 87%, 88%., 89%, 90%, 91%, 92%. 93%, 94%, 95%, 96%, 97%, 98%, or 99%
identity to the nucleic acid sequence that encodes the DF functional variant’s parent
polypeptide, and the nucleic acid sequence of the functional variant encodes a
polypeptide that is a DF functional variant of its parent DF polypeptide. In certain
embodiments of the invention, a functional variant of a dummy-fluorescent polypeptide-
encoding polynucleotide has at least 60%, 65%, 70%, 75%, 80%, 81%, 82%, 83%, 84%,
85%, 86%, 87%, 88%., 89%, 90%, 91%, 92%. 93%, 94%, 95%, 96%, 97%, 98%, or 99%,
nucleic acid sequence identity to its parent polynucleotide sequence. In a non-limiting
example, in certain aspects of the invention, a functional variant of SEQ ID NO: 4 or SEQ
ID NO: 6 has at least 60%, 65%, 70%, 75%, 80%, 81%, 82%., 83%, 84%, 85%, 86%,
87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99%, identity to
the nucleic acid sequence that encodes a polypeptide set forth as SEQ ID NO: 3 or SEQ
ID NO:5, respectively.
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Sequence identity and sequence similarity can be determined using standard
techniques known in the art. To determine the percent identity or percent similarity of
two amino acid sequences the sequences are aligned for optimal comparison purposes
(e.g., gaps may be introduced in the sequence of one protein for optimal alignment with
the other protein). The amino acid residues at corresponding amino acid positions are
then compared. When a position in one sequence is occupied by the same amino acid
residue as the corresponding position in the other sequence, then the molecules have
identity/similarity at that position. The percent identity or percent similarity between the
two sequences 1s a function of the number of identical positions shared by the sequences
(i.e., % similarity = number of identical positions/total number of positions x 100).
Determination of identity and similarity can be performed using routine alignment
methods and any one of a number of well-known computer algorithms designed and used
in the art for such a purpose. Similarly, percent identity and percent similarity of
polynucleotide sequences encoding a polypeptide of the invention can be determined
using art-known alignment and comparison methods for nucleic acid molecules.

Standard art-known methods can be used to prepare variants of DF polypeptides,
such as those set forth as SEQ ID NO: 3 and its encoding nucleic acid sequence, SEQ ID
NO: 5 and its encoding nucleic acid sequence, and one or more of the other dummy-
fluorescent tdTomato polypeptides described in Table 1 and their encoding nucleic acid
sequences. A site or region for introducing an amino acid sequence modification may be
predetermined, and the mutation per se need not be predetermined. For example, to
optimize the performance of a mutation at a given site, random mutagenesis may be
conducted at the target codon or region and the expressed polypeptide screened for the
level of desired function or activity. Techniques for making substitution mutations at
predetermined sites in DNA having a known sequence are well known, for example, M 13
primer mutagenesis and PCR mutagenesis. Variant sequences may in some embodiments
of the invention be prepared by site specific mutagenesis of nucleic acids in the DNA
encoding a polypeptide of the invention, using cassette or PCR mutagenesis or other
techniques known in the art, to produce DNA encoding the polypeptide. In certain
embodiments of the invention, activity of variant or fragment of a polynucleotide or
polypeptide can be tested by cloning the gene encoding the altered polypeptide into a
bacterial or mammalian expression vector, introducing the vector into an appropriate host
cell, expressing the altered polypeptide, and testing for a functional capability of the

polypeptide as disclosed herein. Additional methods for generating recombinant
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polypeptides are known in the art may include use of prokaryotic and eukaryotic
expression systems including but not limited to bacterial and mammalian expression
systems.

It is understood in the art that the codon systems in different organisms can be
slightly different, and that therefore where the expression of a given protein from a given
organism is desired, the nucleic acid sequence can be modified for expression within that
organism. Thus, in some embodiments, a DF polypeptide and/or fusion protein of the
invention is encoded by a mammalian-codon-optimized nucleic acid sequence, which
may in some embodiments be a human-codon optimized nucleic acid sequence. An
aspect of the invention provides a nucleic acid sequence that encodes a fusion protein
comprising a DF polypeptide or variant thereof of the invention, and that is optimized for
expression with a mammalian cell. In certain aspects of the invention, a nucleic acid
sequence is optimized for expression in a human cell.

As used herein, the terms “protein” and “polypeptide” are used interchangeably
and thus the term polypeptide may be used to refer to a full-length protein and may also
be used to refer to a fragment of a full-length protein, and/or functional variants thereof.
As used herein, the terms “polynucleotide” and “nucleic acid sequence” may be used
interchangeably and may comprise genetic material including, but not limited to: RNA,
DNA, mRNA, cDNA, etc., which may include full length sequences, functional variants,

and/or fragments thereof.

Component molecules of Fusion Protein, Vectors, and Compositions

Molecules that may be included in fusion proteins, vectors, compositions,
pharmaceutical compositions of the invention, and can be expressed in cells in methods of
the invention, include but are not limited to one or more of: opsin polypeptides, detectable
label polypeptides, dummy-fluorescent polypeptides, fluorescent polypeptides, trafficking
polypeptides, signal polypeptides, export polypeptides, etc.

Non-limiting examples of detectable label polypeptides, which in certain aspects
of the invention may be selected independently of a DF polypeptide of the invention,
include: green fluorescent protein (GFP); enhanced green fluorescent protein (EGFP), red
fluorescent protein (RFP); yellow fluorescent protein (YFP), tdTomato, mCherry, DsRed,
cyan fluorescent protein (CFP); far red fluorescent proteins, etc. In certain aspects of the
invention, a fluorescent detectable label polypeptide may be included in addition to one or

more DF polypeptides, for example for tracking purposes, testing, assays, etc. Numerous
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fluorescent proteins and their encoding nucleic acid sequences are known in the art and
routine methods can be used to include such sequences in fusion proteins and vectors,
respectively, of the invention.

Non-limiting of examples of additional sequences that may be included for
expression in a fusion protein of the invention are promoter sequences, trafficking
sequences, including, but not limited to one or more of the following sequences or
functional variants thereof: a Kir2.1 sequence, a KGC sequence, an ER2 sequence, a Syn-
synapsin promoter sequence (see for example, SEQ ID NO: 16); an HA-hemagglutinin
sequence, an SS-signal sequence, a truncated MHC class I antigen sequence encoding the
amino acid sequence SEQ ID NO: 14). Methods for selecting and using trafticking
sequences, signal sequences, export sequences etc. in preparing fusion proteins are known
in the art, see for example: Chow, X. et al., Nature 463, 98-102 (2010), Gradinaru, V. et
al., Brain Cell Biol. 36, 129-139 (2008); and Kiigler, S. et al., Gene Therapy 10, 337-347,
(2003). The content of each of the above references is incorporated herein by reference in
its entirety. A vector or fusion protein of the invention may also include functional
variants of one or more of the additional sequences described herein, such as functional
variants of parent molecules including but not limited to: SEQ ID NO: 10, 11, 12, 13, 14,
15, 16, 17, 18, and 19. A functional variant that is included in a vector or a fusion protein
of the invention, may have one or more additions, deletions, substitutions, or other
modifications to the sequence of its parent sequence and retains a portion, or all, of the
function of its parent molecule for which the molecule is included in the vector or fusion
protein of the invention. For example, though not intended to be limiting, a functional
variant of a syn promoter sequence may include the sequence set forth as SEQ ID NO:

16, but with one or more nucleic acid deletions, additions, substitutions to the sequence,
and still retain at least a portion of the function for which the syn promoter parent is
included in the vector. In another non-limiting example, a functional variant of an SS
molecule set forth as SEQ ID NO: 14 may have the amino acid sequence of SEQ ID NO:
14 but with one or more amino acid deletions, additions, and/or substitutions to the
sequence, and still retain at least a portion of the function for which the SS sequence is
included in the fusion protein. Those skilled in the art will be able to use routine methods
to prepare and test functional variants of trafficking, signal sequences, export sequences,
etc. for use in certain embodiments of the invention.

Non-limiting examples of trafticking polypeptides, which may also be referred to

herein as “export” polypeptides, that may be used in certain embodiments of the invention
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include, but are not limited to: SEQ ID NOs: 11 and 13. Non-limiting examples of
nucleic acid sequences that encode trafficking polypeptides that may be used in some
embodiments of the invention include, but are not limited to: SEQ ID NOs: 10 and 12.
Additional trafficking polypeptides and their encoding nucleic acid sequences are known
in the art and routine methods can be used to include and use such sequences in fusion
proteins and vectors, respectively, of the invention.

Another molecule that may be included in a composition of the invention and used
in methods of the invention is an opsin molecule. As used herein, the term “opsin” means
an opsin molecule that when expressed in a cell functions as a membrane channel, an ion
pump, or other identified structure, based on its sequence. A non-limiting example of an
opsin useful in compositions and methods of the invention is a light-activated opsin. As
used herein the term “opsin” may include any opsin having a sequence that is one or more
of: a wild-type opsin sequence, a modified opsin sequence, a mutated opsin sequence, a
chimeric opsin sequence, a synthetic opsin sequence, a functional fragment of an opsin
sequence that may include one or more additions, deletions, substitutions, or other
modifications to the sequence of the parent opsin sequence from which the variant
sequence originates, and a functional variant of an opsin sequence that may include one
or more additions, deletions, substitutions, or other modifications to the sequence of the
parent opsin sequence from which the variant sequence originates and retain a portion or
all of the function of its parent opsin, non-limiting examples of which are: light-
activation, ion channel function, and ion pump function, etc.

Methods of preparing and using opsin molecules and functional variants thereof
are well known in the art and such opsins may be used in aspects of the invention.
Examples of categories opsin molecules, whose members may be included in
compositions of the invention and used in methods of the invention include, but are not
limited to light-activated microbial opsins such as halorhodopsins, channelrhodopsins,
Archaerhodopsins, and Leptosphaeria rhodopsins, members of each of which are well
known in the art. Non-limiting examples of opsins that may be included embodiments of
compositions, vectors, and used in methods of the invention are: CoChR, ChR2, ChR88,
ChR88R, ChR90, ChR64, ChR86, ChR87, ChR90, Chrimson (also known as ChR88),
ChrimsonR (also known as ChR88R), Chronos (also known as ChR90), CsChrimson,
ReaChR, GtACR, SwiChRca, iChloC, ChloC, ChIEF, V1C1, ChR2-2A-Halo, VChRI1,
Halo57, Jaws, Halo (also known as: NpHR), eNpH; R, eNpHR 3.0, Arch, eArch 3.0,

ArchT, ArchT 3.0, Mac, Mac 3.0; and functional mutants (also referred to herein as
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“functional variants” thereof. [see Klapoetke et al. (2014) Nature Methods 11(3), 338-
346; for review see: Yizhar, O. et al. (2011) Neuron Vol. 71:9-34; the content of each of
which is incorporated by reference herein in its entirety.] Additional opsin polypeptides
and their encoding nucleic acid sequences are known in the art and routine methods can
be used to include and use such sequences and functional variants thereof in fusion
proteins and vectors, respectively, of the invention.

An opsin for expresion with a DF polypeptide of the invention can be selected
based, at least in part, on knowledge in the art regarding the effect on a cell of activating
an opsin expressed in that cell. Selecting a type of opsin to include in a fusion protein of
the invention that is expressed in a cell can be based at least in part on the knowledge of
opsins and their effect on a cell in which they are expressed, when they are activated.
Examples, though not intended to be limiting, include: selecting an opsin for inclusion in
a fusion protein of the invention because the opsin it is known to be a light-activated ion
channel that is activated by contact with blue light; selecting an opsin for inclusion in a
fusion protein of the invention because the opsin is a light-activated proton pump that is
activated by red light, etc. It will be understood in the art how to selected and use one or
more opsins for use in methods and compositions of the invention. In some embodiments
of the invention, an opsin is selected that, when activated with a suitable wavelength of
light, alters conduction across a membrane in which it is expressed, and/or alters

electrical activity in the cell in which it is expressed.

Delivery of Dummy-fluorescent polypeptides

Delivery of a DF molecule to a cell and/or expression of a DF polypeptide in a
cell can be done using art-known delivery means. In some embodiments of the invention
a DF polypeptide and opsin polypeptide of the invention are included in a fusion protein.
It is well known in the art how to prepare and utilize fusion proteins that comprise one or
more polypeptide sequences. In certain embodiments of the invention, a fusion protein
can be used to deliver a DF polypeptide, such as a DF tdTomato polypeptide or DF
functional variant thereof of the invention and one or more other polypeptides to a cell. A
fusion protein of the invention can be expressed in a specific cell type, tissue type, organ
type, and/or region in a subject, or in vitro, for example in culture, in a slice preparation,
etc. Preparation, delivery, and use of a fusion protein and its encoding nucleic acid

sequences are well known in the art. Routine methods can be used in conjunction with
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teaching herein to express a DF polypeptide, and optionally one or more additional
polypeptides in a desired cell, tissue, or region in vifro or in a subject.

It is an aspect of the invention to provide a light-activated opsin polypeptide of the
invention that is non-toxic, or substantially non-toxic in cells in which it is expressed. In
the absence of light, a light-activated opsin polypeptide of the invention does not
significantly alter cell health or ongoing electrical activity in the cell in which it is
expressed. In some embodiments of the invention, a light-activated opsin polypeptide of
the invention is genetically introduced into a cellular membrane, and reagents and
methods are provided herein for genetically targeted expression of light-activated opsin
polypeptides. Routine genetic procedures can also be used to control parameters of
expression, such as but not limited to: the amount of a light-activated opsin polypeptide
expressed, the timing of the expression, etc.

Inclusion of a DF polypeptide of the invention in a fusion protein that also
comprises a light-activated opsin has now been found to result in less toxicity and cell
damage compared to a level of toxicity and damage resulting from expression of a
fluorescent polypeptide in such a fusion protein. Compositions and methods of the
invention that include a DF polypeptide or a DF functional variant thereof of the
invention, can be used in methods to express a light-activated opsin polypeptide in
specific cell types, specific cell subtypes, and specific spatial regions within an organism,
with less damage and/or toxicity to the cells compared to damage and/or toxicity that
occur with expression of the light-activated opsin polypeptide with a fluorescent
polypeptide. As a non-limiting example, expressing in a cell a fusion protein comprising:
a DF tdTomato DM1 (SEQ ID NO: 3) or DF functional variant thereof, or a DF tdTomato
DM2 polypeptide (SEQ ID NO: 5) or DF functional variant thereof, or a dummy-
fluorescent tdTomato polypeptide described in Table 1 or DF functional variant thereof
and a light-activated opsin, and exposing the cell to a light suitable to activate the opsin,
results in less toxicity and/or damage in the cell as compared to a level of toxicity and/or
damage in a control cell illuminated under the same conditions. In this non-limiting
example, the control cell in which a fusion protein is expressed wherein the fusion protein
comprises a tdTomato polypeptide having an amino acid sequence such as that set forth
as SEQ ID NO:1 or a fluorescent functional variant thereof and the light-activated opsin,
and exposing the cell to a light suitable to activate the opsin under the same conditions as

those used with the DF polypeptide fusion protein.
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In some embodiments of the invention a reagent for genetically targeted
expression of a light-activated opsin polypeptide is a vector that comprises a gene
encoding a DF polypeptide or DF functional variant thereof of the invention, and gene
encoding an opsin polypeptide. As used herein, the term “vector” refers to a nucleic acid
molecule capable of transporting between different genetic environments another nucleic
acid to which it has been operatively linked. The term “vector” also refers to a virus or
organism that is capable of transporting the nucleic acid molecule. One type of vector is
an episome, i.e., a nucleic acid molecule capable of extra-chromosomal replication.

Some useful vectors are those capable of autonomous replication and/or expression of
nucleic acids to which they are linked. Vectors capable of directing the expression of
genes to which they are operatively linked are referred to herein as “expression vectors”.
Other useful vectors, include, but are not limited to viruses such as lentiviruses,
retroviruses, adenoviruses, and phages. Vectors useful in some methods of the invention
can genetically insert an opsin polypeptide and a DF polypeptide or DF functional variant
thereof of the invention into dividing and non-dividing cells and can insert an opsin
polypeptide and a DF polypeptide or DF functional variant thereof of the invention into a
cell that is an in vivo, in vitro, or ex vivo cell.

Vectors useful in methods of the invention may include additional sequences
including, but not limited to, one or more signal sequences and/or promoter sequences, or
a combination thereof. In certain embodiments of the invention, a vector may be a
lentivirus, adenovirus, adeno-associated virus, or other vector that comprises a gene
encoding an opsin polypeptide and a gene encoding a DF polypeptide or functional
fragment thereof of the invention. An adeno-associated virus (AAV) such as AAVS,
AAV1, AAV2, AAV4, AAVS, AAV9, are non-limiting examples of vectors that may be
used to express a fusion protein of the invention in a cell and/or subject. Expression
vectors and methods of their preparation and use are well known in the art. Non-limiting
examples of suitable expression vectors and methods for their use are provided herein.

Promoters that may be used in methods and vectors of the invention include, but
are not limited to, cell-specific promoters or general promoters. A non-limiting examples
promoters that can be used in vectors of the invention are: ubiquitous promoters, such as,
but not limited to: CMV, CAG, CBA, and EF1a promoters; and tissue-specific promoters,
such as but not limited to: Synapsin (e.g., syn-synapsin, syn), CamKIla, GFAP, RPE,
ALB, TBG, MBP, MCK, TNT, Ubi, and aMHC promoters and functional variants

thereof. Methods to select and use ubiquitous promoters and tissue-specific promoters
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are well known in the art. A non-limiting example of a tissue-specific promoter that can
be used to express a light-activated opsin polypeptide in a cell such as a neuron is a
synapsin (syn) promoter, which can be used to express an opsin polypeptide and DF
polypeptide or functional variant thereof, in embodiments of methods of the invention.
Additional tissue-specific promoters and general promoters are well known in the art and,
in addition to those provided herein, may be suitable for use in compositions and methods

of the invention.

Methods of using Dummy-fluorescent Molecules

Dummy-fluorescent polypeptides of the invention, such as, but not limited to:
tdTomato DM1 and tdTomato DM2 polypeptides and DF functional variants thereof, are
well suited for expression in in cells as a component of a fusion protein that also
comprises at least one stimulus-activated opsin polypeptide. Expression of the stimulus-
activated opsin, for example, a light-activated opsin in the cell can be used to modulate
electrical activity of the cell. Because embodiments of compositions and methods of the
invention result in less toxicity and cell damage to cells in which DF polypeptides are
expressed (compared to cells in which full or higher fluorescent polypeptides are
expressed, as described in more detail above herein), use of DF polypeptides of the
invention can improve efficacy of treatment methods in cells and subjects when the
methods include a expressing a light-activated opsin and a DF polypeptide of the
invention, and activating the light-activated opsin. For example, though not intended to
be limiting, expressing in a cell a fusion protein comprising a DF tdTomato DM1
polypeptide or variant thereof of the invention, and a ChR88R light-activated opsin
polypeptide and contacting the cell with light suitable to activate the ChR88R light-
activated polypeptide, will result in less cell toxicity and/or damage in the cell compared
to the toxicity or damage in a control cell in which a fusion protein comprising a
fluorescent tdTomato polypeptide and a ChR88R light-activated opsin polypeptide are
expressed, and which is contacted with the light under substantially identical conditions
to activate the ChR88R light-activated polypeptide.

Cells in which a fusion protein comprising an opsin and a DF polypeptide of the
invention is expressed can be contacted with a light under suitable stimulation parameters
to activate the opsin, thereby modulating electrical activity in the cell. It will be
understood that the type and level of modulation of electrical activity and ion flux in a

cell will depend, in part, on the light-activated opsin that is expressed in the cell as part of
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the fusion protein of the invention. Art-known methods can be used to select suitable
stimulation parameters such as type of stimulation, illumination wavelength, intensity,
pulse rate, etc. for use with compositions and methods of the invention expressed in cells
and membranes. See for example: US Pat. No. 8,957,028; US Pat No. 9,309,296; US Pat
No. 9,284.,353: US Pat No. 9,249,234: US Pat No. 9,101690; PCT Pub. No.
WO02013/07123; US Pat Pub No. 20120214188; US Pat Pub. No. 20160039902; US Pat
Pub No. 20140223679, Packer, A.M. et al., 2012 Nature Methods Dec 9(12):1202-1205;
and Oron, D. et al., Progress in Brain Research, Chapter 7, Volume 196, 2012, Pages
119-143: the content of each of which is incorporated by references in its entirety herein.

Certain aspects of the invention include methods for modulating one or more
characteristics of a cell, such as, but not limited to: electrical activity in a cell and ion
flux across a cell membrane. Compositions and methods of the invention can be used
in a cell, a plurality of cells (for example in two, three, four, five, or more cells), and/or
a subject as a means with which to: modulate ion flux across a membrane of a cell,
treat a disease or condition in the cell or subject, identify a candidate agent that when
contacted with a cell expressing a fusion protein of the invention modulates electrical
activity in the cell, identify a candidate agent that when contacted with a cell
expressing a fusion protein of the invention modulates ion flux across a membrane of
the cell, etc. In some aspects of the invention, methods and compositions are provided
that can be used to detect and assess an effect of activating an opsin polypeptide that is
expressed in a cell as part of a fusion protein of the invention. Numerous methods for
using one or more light-activated opsin polypeptides expressed in a host cell and/or a
host subject are known in the art and the compositions and methods of the invention
may be used in conjunction with such methods to enhance selective activation of a cell
in which a fusion protein of the invention is expressed.

Working operation of a prototype of this invention has been demonstrated in vitro
and in vivo, by genetically expressing a fusion protein comprising an opsin polypeptide
and a DF polypeptide or DF functional variant thereof of the invention in cells,
illuminating the cells with suitable wavelengths of light to activate the opsin, and
demonstrating rapid changes in electrical activity and/or ion flux in the cell in response to
the light, as well as rapid release from the changes upon cessation of light. Depending on
the particular implementation, methods of the invention that include fusion proteins

comprising a light-activated opsin and a DF polypeptide of the invention, allow activation
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of the opsin when the fusion protein is expressed in a cell, with little or no fluorescence-

induced damage to the cell.

Cells and Subjects

A cell used in methods and with sequences of the invention may be an excitable
cell or a non-excitable cell. A cell in which a fusion protein comprising a light-activated
opsin polypeptide and a DF polypeptide or DF functional variant thereof of the invention
may be expressed and may be used in methods of the invention include prokaryotic and
eukaryotic cells. Useful cells, cells in which compositions and methods of the invention
can be used, include, but are not limited to, vertebrate cells, which in some embodiments
of the invention may be mammalian cells. Examples of cells in which a fusion protein
comprising an opsin polypeptide and a DF polypeptide or DF functional variant thereof of
the invention may be expressed are excitable cells, which includes cells able to produce
and respond to electrical signals. Examples of excitable cell types include, but are not
limited to neurons, visual system cells, auditory system cells, muscles, cardiac cells, and
secretory cells (such as pancreatic cells, adrenal medulla cells, pituitary cells, etc.). A cell
in which a fusion protein of the invention is expressed may be a single cell, an isolated
cell, a cell that is one of a plurality of cells, a cell that is one in a network of two or
more interconnected cells, a cell that is one of two or more cells that are in physical
contact with each other, etc.

Non-limiting examples of cells that may be used in methods of the invention
include: central nervous system cells, peripheral nervous system cells, neurons, cardiac
cells, immune system cells, circulatory system cells, visual system cells, auditory system
cells, secretory cells, endocrine cells, brain cells, and muscle cells. In some
embodiments, a cell used in conjunction with the invention may be a healthy normal cell,
which is not known to have a disease, disorder or abnormal condition. In some
embodiments, a cell used in conjunction with methods and compositions of the invention
may be an abnormal cell, for example, a cell obtained from a subject diagnosed as having
a disorder, disease, or condition, including, but not limited to a degenerative cell, a
neurological disease-bearing cell, a cell model of a disease or condition, an injured cell,
etc. In some embodiments of the invention, a cell may be a control cell. In some aspects
of the invention a cell can be a model cell for a disease or condition.

A fusion protein comprising a light-activated opsin polypeptide and a DF

polypeptide or DF functional variant thereof of the invention may be expressed in one or
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more cells from culture, cells in solution, cells obtained from subjects, and/or cells in a
subject (in vivo cells). Light-activated opsin polypeptides expressed in fusion proteins of
the invention may be expressed and activated in cultured cells, cultured tissues (e.g., brain
slice preparations, etc.), and in living subjects, etc. As used herein, the term “subject”
may refer to a: human, non-human primate, cow, horse, pig, sheep, goat, dog, cat, rodent,
fly or other host organism. As used herein the term “host” means a subject or cell in
which a DF polypeptide and/or fusion protein of the invention is expressed. In some
aspects of the invention a host is a vertebrate subject. In certain embodiments of the
invention, a host is a mammal. In certain aspects of the invention a host is an invertebrate

subject.

Controls and Candidate Compound Testing

Using certain embodiments of compositions and methods of the invention, one or
more light-activated opsin polypeptides of the invention can be expressed in conjunction
with a DF polypeptide of the invention, and methods to stimulate and/or image the
response in the cell to activation of the light-activated opsin polypeptide can be utilized to
assess changes in cells, tissues, and subjects in which they are expressed. Some
embodiments of the invention include delivery of light-activated opsins to a cell with a
DF polypeptide of the invention or DF functional variant thereof, to identify effects of
one or more candidate compounds on the cell, tissue, and/or subject in which the light-
activated opsin is expressed. Results of testing one or more activities of a light-activated
opsin polypeptide of the invention can be advantageously compared to a control.

As used herein a control may be a predetermined value, which can take a variety
of forms. It can be a single cut-off value, such as a median or mean. It can be established
based upon comparative groups, such as cells or tissues that include the light-activated
opsin polypeptide of the invention and are contacted with light, but are not contacted with
the candidate compound and the same type of cells or tissues that under the same testing
condition are contacted with the candidate compound. Another example of comparative
groups may include cells or tissues that have a disorder or condition and groups without
the disorder or condition. Another comparative group may be cells from a group with a
family history of a disease or condition and cells from a group without such a family
history. A predetermined value can be arranged, for example, where a tested population
is divided equally (or unequally) into groups based on results of testing. Those skilled in

the art are able to select appropriate control groups and values for use in comparative
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methods of the invention. In certain aspects of the invention, a control is a cell that does
not include a fusion protein of the invention and an activity in such a cell can be
compared to the activity in a cell that does include a fusion protein of the invention.

As a non-limiting example of use of a light-activated opsin polypeptide to identify
a candidate therapeutic agent or compound, a fusion protein comprising light-activated
opsin polypeptide and a DF polypeptide or DF functional variant thereof of the invention
may be expressed in an excitable cell in culture or in a subject and the excitable cell may
be contacted with a light that activates the light-activated opsin polypeptide and with a
candidate therapeutic compound. In one embodiment of the invention, a test cell in which
a fusion protein comprising a light-activated opsin polypeptide and a DF polypeptide or
DF functional variant thereof of the invention is expressed is contacted with a light that
depolarizes the cell or otherwise alters ion flux across a membrane in the cell and the cell
is also contacted with a candidate compound. The cell, tissue, and/or subject that include
the cell can be monitored for the presence or absence of a change that occurs in test
conditions versus a control condition. For example, in a cell, an activity modulation in
the test cell may be a change in the depolarization of the test cell, a change in a
depolarization-mediated cell characteristic in the test cell, a change in ion flux across a
membrane of the test cell, each of which can be compared to the activity in control cell,
and a change that is different in the test cell compared to the control cell, may indicate
that the candidate compound has an effect on the test cell, tissue and/or subject that
includes the cell. In some embodiments of the invention, an activity of a cell may be one
or more of: an action potential, a pH change, release of a neurotransmitter, etc. and may
in some embodiments, include a downstream effect on one or more additional cells,
which occurs due to the modulation of an activity in the host cell in which the fusion
protein comprising the light-activated opsin and a DF polypeptide or DF functional
variant thereof of the invention are expressed. Art-known methods can be used to assess
electrical activity and ion flux activity and changes and modulation of such activities
upon stimulation and activation of a light-activated opsin polypeptide expressed in a cell,
with or without additional contact with a candidate compound.

Candidate-compound identification methods of the invention may be carried out
in a cell in a subject or in cultured or in vitro cells. Candidate-compound identification
methods of the invention that are performed in a subject, may include expressing a fusion
protein comprising a light-activated opsin polypeptide and a DF polypeptide or DF

functional variant thereof in a subject, contacting the cell in the subject with a light under
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suitable conditions to activate the light-activated opsin polypeptide, and administering to
the subject a candidate compound. The subject is then monitored to determine whether
any change occurs that differs from a control effect in a subject (e.g., one or more of: no
DF polypeptide, no candidate compound, etc.). Candidate-compound identification
methods of the invention that are performed in vifro may include expressing a fusion
protein comprising a light-activated opsin polypeptide and a DF polypeptide or DF
functional variant thereof of the invention in a cell, which may or may not be a cultured
cell, contacting the cell with a light under suitable conditions to activate the light-
activated opsin polypeptide and alter electrical activity in the cell and/or ion flux across a
membrane of the cell, and contacting the cell with a candidate compound. The cell is
then monitored to determine whether any change occurs that differs from a control effect
in a substantially similar cell that is not contacted with the candidate compound. Thus,
for example, a cell expressing the light-activated opsin polypeptide can, in the presence of
a candidate compound, be contacted with a light appropriate to activate the light-activated
opsin polypeptide. Contact of the light-activated opsin polypeptide with the candidate
compound may also occur at one or more time points prior to, at the same time as, or
subsequent to contact with the light appropriate to activate the light-activated opsin
polypeptide. A result of such contact with the candidate compound can be measured and
compared to a control value as a determination of the presence or absence of an effect of
the candidate compound on an activity in the cell, such, but not limited to: an electrical
activity and/or ion flux activity.

Methods of identifying effects of candidate compounds using fusion proteins of
the invention may also include additional steps and assays to further characterize an
identified activity change in the cell, tissue, or subject when the cell is contacted with
suitable light and the candidate compound. In some embodiments of the invention,
testing in a cell, tissue, or subject can also include testing one or more cells that each
comprise one or more independently selected light-activated opsin polypeptides, such that
one, two, three, or more different light-activated opsins polypeptides are expressed in two
or more cells that may be in close spatial proximity with each other, may be in physical
contact with each other, or may be spatially distant from each other. In some aspects of
the invention, at least one, two, three, four, or more of the additional light-activated opsin
polypeptides are activated by contact with light having a different wavelength than used

to activate other of the additional ion channel opsin polypeptides.
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In a non-limiting example of a candidate drug identification method of the
invention, cells in which a fusion protein comprising a light-activated opsin polypeptide
and DF polypeptide or DF functional variant thereof of the invention are contacted with
suitable light, and are depolarized, thus triggering release of a neurotransmitter from the
cell, then candidate therapeutic compounds are applied that modulate the response of the
cell to depolarization (determined for example using patch clamping methods or other
suitable art-known means). These and other methods enable therapeutic compound
screening using light to activate the opsin of interest that is localized in the cell body of
the cell in which it is expressed.

In some embodiments of the invention, a fusion protein comprising a light-
activated opsin polypeptide and DF polypeptide or DF functional variant thereof of the
invention can be used in test systems and assays for assessing membrane protein
trafficking and physiological function in cells and subjects and the use of use of light-
activated opsin to modulate electrical activity of a cell and/or to modulate ion flux across
a membrane of the cell. Implementation of fusion proteins in cells, activating light-
activated opsin polypeptides by contact with a suitable light and contact parameters,
identifying modulation of an activity of a cell such as depolarization, APs, ion flux,
hyperpolarization etc. are routinely practiced in the art and in combination with methods
and compositions of the invention can be used to identify and test candidate therapeutic
agents.

In certain aspects of the invention, a fusion protein comprising a light-activated
opsin polypeptide and DF polypeptide or DF functional variant thereof of the invention
can be expressed in a cell and/or subject and used to assess or diagnose a disease or

condition in the subject.

Methods of Treating

Some aspects of the invention include methods of treating a disorder or condition
in a cell, tissue, or subject using fusion protein comprising an opsin and a DF polypeptide
or DF functional variant thereof of the invention. Treatment methods of the invention
may include administering to a subject in need of such treatment, a therapeutically
effective amount of a vector encoding a fusion protein comprising a light-activated opsin
polypeptide and a DF polypeptide or DF functional variant thereof of the invention, to
treat the disorder. In certain aspects of the invention, a therapeutically effective amount

of a cell comprising a fusion protein of the invention may be administered to a subject in
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a treatment method of the invention. It will be understood that a treatment may be a
prophylactic treatment or may be a treatment administered following the diagnosis of a
disease or condition. A treatment of the invention may reduce or eliminate one or more
symptoms or characteristics of a disorder, disease, or condition or may eliminate the
disorder, disease, or condition itself. It will be understood that a treatment of the
invention may reduce or eliminate progression of a disease, disorder or condition and may
in some instances result in the regression of the disease, disorder, or condition. A
treatment need not entirely eliminate the disease, disorder, or condition to be considered
to be effective.

In certain aspects of the invention, a means of expressing in a cell of a subject, a
fusion protein comprising a DF polypeptide or DF functional variant thereof and an opsin
polypeptide in a cell of a subject may comprise one or more of: administering to a cell a
vector that encodes a fusion protein comprising the opsin polypeptide and a DF
polypeptide or DF functional variant thereof of the invention; administering to a subject a
cell in which a fusion protein of the invention is present; and administering a fusion
protein (or encoding sequence thereof) of the invention to a subject. Delivery or
administration of a fusion protein of the invention may include administration of a
pharmaceutical composition that comprises a cell, wherein the cell expresses the opsin
polypeptide fused to a DF polypeptide or DF functional variant thereof of the invention.
Administration of an opsin and DF polypeptide or DF functional variant thereof of the
invention, may, in some aspects of the invention include administration of a
pharmaceutical composition comprising a vector, wherein the vector comprises a nucleic
acid sequence encoding an opsin polypeptide and a DF polypeptide or DF functional
variant thereof of the invention, and wherein the administration of the vector results in
expression of a fusion protein comprising the opsin polypeptide and the DF polypeptide
or DF functional variant thereof in one or more cells in the subject. In some aspects of
the invention, expression of an opsin polypeptide in a cell may be referred to as
“increasing” expression of that opsin polypeptide in the cell. It will be understood that in
some aspects of the invention, the starting level of expression of the opsin in a cell may
be zero and a treatment method of the invention may be used to increase that level to a
level above zero. In certain aspects of the invention, for example in a subsequent delivery
of a fusion protein of the invention to a cell or plurality of cells in a subject, a level of
expression of the opsin in the cell may be greater than zero, with one or more of the opsin

polypeptides present in the cell or in a plurality of cells, and a treatment method of the
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invention may be used to increase the expression level of the opsin polypeptide in the
subject.

An effective amount of an opsin and a DF polypeptide or DF functional variant
thereof of the invention is an amount that results in expression of the opsin in a cell, in a
tissue or subject at a level or amount that is beneficial for the subject. An effective
amount may also be determined by assessing physiological effects of administration of a
composition of the invention on a cell or subject such as a decrease in symptoms of a
disease or condition to be treated, following administration. Other assays will be known
to a skilled artisan and can be employed for measuring a level of a response to a treatment
of the invention. The amount of a treatment may be varied for example by increasing or
decreasing the amount of the opsin polypeptide administered, by changing the therapeutic
composition in which the opsin polypeptide is administered, by changing the route of
administration, by changing the dosage timing, by changing expression conditions of a
fusion protein of the invention, by changing the activation amounts and parameters of an
opsin polypeptide of the invention, and so on. An effective amount will vary with the
particular condition being treated, the age and physical condition of the subject being
treated; the severity of the condition, the duration of the treatment, the nature of the
concurrent therapy (if any), the specific route of administration, and the like factors
within the knowledge and expertise of a health care practitioner. For example, an
effective amount may depend upon the location and number of cells in the subject in
which the opsin polypeptide and DF polypeptide or DF functional variant thereof of the
invention, is to be expressed. An effective amount may also depend on the location of the
tissue to be treated. Factors useful to determine an effective amount of a therapeutic are
well known to those of ordinary skill in the art and can be addressed with no more than
routine experimentation. It is generally preferred that a maximum dose of a composition
to increase the level of the opsin polypeptide, and/or to alter the length or timing of
activation of the opsin polypeptide in a subject (alone or in combination with other
therapeutic agents) be used, that is, the highest safe dose or amount according to sound
medical judgment. It will be understood by those of ordinary skill in the art, however,
that a patient, also referred to herein as a subject, may insist upon a lower dose or
tolerable dose for medical reasons, psychological reasons or for virtually any other
reasons.

An opsin polypeptide and DF polypeptide or DF functional variant thereof of the

invention may be administered using art-known methods. The manner and dosage
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administered may be adjusted by the individual physician, healthcare practitioner, or
veterinarian, particularly in the event of any complication. The absolute amount
administered will depend upon a variety of factors, including the material selected for
administration, whether the administration is in single or multiple doses, and individual
subject parameters including age, physical condition, size, weight, and the stage of the
disease or condition. These factors are well known to those of ordinary skill in the art and
can be addressed with no more than routine experimentation.

Pharmaceutical compositions may be used to deliver a fusion protein comprising
an opsin and a DF polypeptide or DF functional variant thereof of the invention. A
pharmaceutical composition comprising a fusion protein, vector, or nucleic acid encoding
a DF polypeptide of the invention may be administered alone, in combination with each
other, and/or in combination with other drug therapies, or other treatment regimens that
are administered to subjects. A pharmaceutical composition used in the foregoing
methods may contain an effective amount of a therapeutic compound or composition of
the invention that will increase the level of a desired opsin polypeptide to a level that
produces the desired response in a unit of weight or volume suitable for administration to
a subject. In some embodiments of the invention, a pharmaceutical composition of the
invention may include a pharmaceutically acceptable carrier. It will be understood that
the concept and phrase: “delivering a fusion protein” means that the result of the delivery
is presence of the fusion protein. Thus, in some aspects of the invention the delivery of a
fusion protein to a cell comprises delivering a nucleic acid that encodes the fusion protein
to the cell, and in certain aspects of the invention the delivery of a fusion protein to a cell
comprises delivery of the expressed fusion protein into the cell. In each instance, the
result produced is the presence of the fusion protein in the cell.

Pharmaceutically acceptable carriers include diluents, fillers, salts, buffers,
stabilizers, solubilizers and other materials that are well-known in the art. Exemplary
pharmaceutically acceptable carriers are described in U.S. Pat. No. 5,211,657 and others
are known by those skilled in the art. In certain embodiments of the invention, such
preparations may contain salt, buffering agents, preservatives, compatible carriers,
aqueous solutions, water, etc. When used in medicine, the salts may be pharmaceutically
acceptable, but non-pharmaceutically acceptable salts may conveniently be used to
prepare pharmaceutically-acceptable salts thereof and are not excluded from the scope of
the invention. Such pharmacologically and pharmaceutically-acceptable salts include, but

are not limited to, those prepared from the following acids: hydrochloric, hydrobromic,
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sulfuric, nitric, phosphoric, maleic, acetic, salicylic, citric, formic, malonic, succinic, and
the like. Also, pharmaceutically-acceptable salts can be prepared as alkaline metal or
alkaline earth salts, such as sodium, potassium or calcium salts.

One or more of an opsin polypeptide or encoding polynucleotide thereof of the
invention, or a cell or vector comprising a nucleic acid sequence encoding an opsin
polypeptide and a DF polypeptide or DF functional variant thereof of the invention, may
be administered, for example in a pharmaceutical composition, directly to a tissue. Direct
tissue administration may be achieved by direct injection, and such administration may be
done once, or alternatively a plurality of times. If administered multiple times, the
polypeptides, polynucleotides, cells, and/or vectors may be administered using one route
or using different routes. For example, though not intended to be limiting, the first (or
first few) administrations may be made directly into the affected tissue while later
administrations may be systemic.

A dose of a pharmaceutical composition of the invention that is administered to a
subject to increase the level of a desired opsin polypeptide in one or more cells of the
subject can be chosen in accordance with different parameters, in particular in accordance
with the mode of administration used and the state of the subject. Other factors include
the desired period of treatment. In the event that a response in a subject is insufficient at
the initial doses applied, higher doses (or effectively higher doses by a different, more
localized delivery route) may be employed to the extent that patient tolerance permits.
The amount and timing of activation of an opsin delivered with a DF polypeptide or DF
functional variant thereof of the invention (e.g., light wavelength, pulse length, length of
light contact, etc.) that has been administered to a subject can also be adjusted based on
efficacy of the treatment in a particular subject. Parameters for illumination and
activation of an opsin delivered to a subject using a method of the invention, can be
determined using teaching herein in conjunction with art-known methods, without
requiring undue experimentation.

Various modes of administration known to the skilled artisan can be used to
effectively deliver a pharmaceutical composition to increase the level of an opsin
polypeptide in a desired cell in a tissue or body region of a subject. Methods for
administering such a composition or pharmaceutical compound of the invention may be
topical, intravenous, oral, intracranial, intracavity, intrathecal, intrasynovial, buccal,
sublingual, intranasal, transdermal, intravitreal, subcutaneous, intramuscular and/or

intradermal administration. The invention is not limited by the particular modes of
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administration disclosed herein. Standard references in the art (e.g., Remington, The
Science and Practice of Pharmacy, 2012, Editor: Allen, Lloyd V., Jr, 22" Edition)
provide modes of administration and formulations for delivery of various pharmaceutical
preparations and formulations in pharmaceutical carriers. Other protocols which are
useful for the administration of a therapeutic compound of the invention will be known to
a skilled artisan, in which the dose amount, schedule of administration, sites of
administration, mode of administration (e.g., intra-organ) and the like vary from those
presented herein.

Administration of a cell or vector to increase expression of an opsin polypeptide
in one or more cells in a mammal other than a human; and administration and use of a
opsin polypeptide and a DF polypeptide or DF functional variant thereof of the invention,
e.g. for testing purposes or veterinary therapeutic purposes, may be carried out under
substantially the same conditions as described above. It will be understood that
embodiments of the invention are applicable to both human and animals. Thus this
invention is intended to be used in husbandry and veterinary medicine as well as in

human therapeutics.

Disorders, Diseases and Conditions

DF polypeptides of the invention expressed with opsin polypeptides using
compositions and methods of the invention may be used to treat disorders and conditions
in subjects. Inclusion of a DF polypeptide instead of a fluorescent polypeptide can
enhance efficacy of an expressed light-activated opsin in a cell in which a fusion protein
comprising the opsin polypeptide and a DF polypeptide or DF functional variant thereof
of the invention is expressed due to a reduction or elimination of cell-damaging effects of
fluorescence of the fluorescent polypeptide. A fusion protein comprising a light-activated
opsin polypeptide and a DF polypeptide of the invention that is expressed in a cell and
contacted with a light that activates the opsin polypeptide, results in less damage to the
cell, and is less toxic to the cell, than a fusion protein comprising a light-activated opsin
polypeptide and a fluorescent polypeptide that is expressed in a cell and contacted with a
light that activates the opsin polypeptide. Thus, methods of the invention to treat a
disease or condition in a subject that comprise administering a fusion protein comprising
a light-activated opsin polypeptide and a DF polypeptide of the invention, are more
effective and result in fewer cell-damaging side effects than prior treatment methods that

included administering to a subject a fusion protein comprising the light-activated opsin
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polypeptide and a fluorescent polypeptide. Embodiments of methods of the invention can
be used to treat a disease or condition in a subject, with minimal or no cell toxicity or cell
damage due to fluorescence from the fusion protein.

A non-limiting example of a treatment method of the invention includes
expressing in a cell in a subject in need of such treatment an effective amount of a fusion
protein comprising a ChR88R ion channel polypeptide and a tdTomato DM 1 polypeptide,
contacting the cell with a light suitable to activate the ChR88R ion channel thereby
altering one or more voltage-associated activity of the cell. It will be understood that
other DF polypeptides as described herein, including those comprising an opsin other
than ChR88R, may be used in the example method set forth, and in other treatment
methods. Such methods may be used to treat: blindness, reduced vision, visual
impairment, deafness, reduced hearing, and/or impaired hearing in a subject. Disorders
and conditions that may be treated using methods of the invention include, but are not
limited to: partial or complete vision loss; partial or complete hearing loss; injury;
memory loss; memory impairment; psychiatric disorders; brain damage; stroke;
degenerative neurological condition, such as, but not limited to: Parkinson’s disease and
Amyotrophic Lateral Sclerosis (ALS); Alzheimer’s disease; cardiac damage; cardiac
disease; traumatic brain injury; muscle disease; muscle injury; musculoskeletal disorders;
seizures; circulatory system disorders; immune system disorders; etc. In some aspects of
the invention, compositions and methods of the invention are used to treat visual system
diseases and conditions or to augment normal visual system processes. In certain aspects
of the invention, compositions and methods of the invention are used to treat auditory
system diseases and conditions or to augment normal auditory processes.

In some embodiments of the invention, a fusion protein comprising a light-
activated opsin polypeptide and a DF polypeptide or DF functional variant thereof of the
invention is administered to a subject who has a partial or complete vision loss and the
cell that expresses the opsin can function as a light-sensitive cell in the visual system,
thereby permitting a gain of some or all of the lost visual function in the subject. In
certain embodiments of the invention, a fusion protein comprising a light-activated opsin
polypeptide and a DF polypeptide or DF functional variant thereof of the invention is
administered to a subject who has a partial or complete hearing loss and the cell that
expresses the opsin can function as a light-sensitive cell in the auditory system thereby

permitting a gain of some or all of the lost auditory function in the subject.
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The present invention in some aspects includes preparing nucleic acid sequences
and polynucleotide sequences; expressing in cells and membranes polypeptides encoded
by the prepared nucleic acid and polynucleotide sequences; illuminating the cells and/or
membranes with suitable light, and which results in modulation of electrical activity and
or ion flux in the cells and across membranes. The ability to controllably alter one or
more of: voltage across membranes; ion flux across members, cell depolarization, cell
hyperpolarization using contact of the expressed opsin polypeptide with light has been
demonstrated for numerous opsins that can be included in compositions and methods of
the invention. The present invention enables expression of an opsin in a cell and
activation of that expressed opsin with little or no fluorescence-induced damage or injury
to the cell, thus enhancing cell survival and enhancing efficacy of treatments of the
invention. Compositions and methods of the invention and their use have broad-ranging
applications for drug screening, treatments, and research applications, some of which are

describe herein.

Examples
Example [
Methods
Immunohistochemistry

50,000 hippocampal neuron cells were plated in 24-well plates per well and cells
were infected with 2 pl wild type AAV-Syn-ChrimsonR-tdTomato virus and mutant
AAV-Syn-ChrimsonR-tdTomato-Dummy 1 and Dummy 2 viruses accordingly. In some
studies, neurons that expressed ChrimsonR without fluorophore were visualized by co-
transfection with AAV-Syn-GFP or Fubi-tdTomato. Twenty eight (28) days later, cells
were washed with cold PBS and fixed with ice-cold 4% paraformaldehyde for 30 min.
Cells were then washed with 0.1M glycine in PBS, and then permeabilized with blocking
buffer (4% BSA, 5% goat serum and 0.4% Saponin in PBS) for 30 min. Cells were then
incubated in primary antibody (anti-RFP, Rockland Antibodies & Assays, Limerick, PA)
in blocking buffer for overnight at 4°C. Cells were washed 3 times with PBS/0.1M
glycine at 5 min each and incubated in secondary antibody (Goat anti-Chicken 488
preadsorbed, Abcam, Cambridge, MA) in blocking buffer for overnight at 4 °C. After
washed 3 times with PBS/0.1M glycine at 5 min each, cells were incubated in 0.5ml PBS

for imaging.
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Imaging

Anti-RFP (GFP channel) and tdTomato fluorescence were imaged with Leica
DMI 6000B with a 20x objective using a COMS camera (Hamamatsu Orca Flash 2.8).
GFP fluorescence was detected by using DG-4 (Chroma 470/22) and imaged using a filter
cube (Chroma, 495 dichroic paired with 500 long pass emission filter) and tdTomato
fluorescence were detected by using DG-4 (Semrock 575/15) and imaged using a
dichroic (600 LP Chroma) paired with an emission filter (640/50 Chroma).

Whole-cell electrophysiology in vitro

Whole-cell patch clamp recordings were made in voltage clamp mode at =65 mV
using Multiclamp 700B amplifier, Digidata 1550A digitizer, and a PC running pClamp
(Molecular Devices, Sunnyvale, CA). Neurons were transfected 5-6 DIV and patched
14-18 DIV. Neurons were bathed in 31-32°C Tyrode solution containing 125 mM NaCl,
2 mM KCl, 3 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, 30 mM glucose, 0.01 mM
NBQX and 0.01 mM GABAzine, 1 uM tetrodotoxin (TTX, Tocris Bioscience, Bristol,
UK), 60-150 uM CdCl,. Borosilicate glass patch pipettes were filled with a solution
containing 125 mM CsMe, 8 mM NaCl, 0.1 mM CaCl,, 0.6 mM MgCl,, 1 mM EGTA, 10
mM HEPES, 4 mM Mg-ATP, and 0.4 mM Na-GTP.

Primary neuron culture

All procedures involving animals were in accordance with the US National
Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by
the Massachusetts Institute of Technology Committee on Animal Care. Hippocampal
neuron was prepared from postnatal day O or 1 Swiss Webster (Taconic, Hudson, NY)
mice as previously described [Chow, B.Y , et al., Nature 463, 98-102 (2010); Gradinaru,
V. et al., Brain Cell Biol. 36, 129-139 (2008)] but with the following modifications:
dissected hippocampal tissue was digested with 50 units of papain (Worthington Biochem
Corp, Lakewood, NJ) for 6-8 min, and the digestion was stopped with ovomucoid trypsin
inhibitor (Worthington Biochem Corp.). Cells were plated at a density of 20,000—-50,000
per glass coverslip coated with Matrigel (BD Biosciences, San Jose, CA). Neurons were
seeded in 100 pl plating medium containing MEM (Life Technologies), glucose (33mM,
Sigma), transferrin (0.01%, Sigma), Hepes (10mM), Glutagro (2mM, Corning, Corning,
NY), Insulin (0.13%, Millipore, Bedford, MA), B27 supplement (2%, Gibco), heat

inactivated fetal bovine serum (7.5%, Corning). After cell adhesion, additional plating
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medium was added. AraC (0.002mM, Sigma) was added when glia density was 50-70%.

Neurons were grown at 37 °C and 5% CO; in a humidified atmosphere.

Results

Immunohistochemistry of wild type and dummy tdTomato

To evaluate the dummy fluorescent tdTomato mutants, mice hippocampal neurons were
infected with 2ul wild type AAV-Syn-ChrimsonR-tdTomato virus (Fig. 3C and 3F),
AAV-Syn-ChrimsonR-tdTomato-Dummy 1 (Fig. 3A and 3D) and AAV-Syn-ChrimsonR-
tdTomato-Dummy 2 (Fig. 3B and 3E) accordingly. 28 days later, cells were
immunostained with anti-RFP. No tdTomato fluorescence was observed in dummy
mutants (Fig. 3A and 3B), however, tdTomato fluorescence was observed in wild-type
virus (Fig. 3C). Both wild type (Fig. 3F) and dummy mutants (Fig. 3D and 3E) could be

detected by anti-RFP immunostain.

Electrophysiology recording

To improve ChrimsonR photocurrent seven (7) additional ChrimsonR plasmid constructs
were prepared by: 1) removing tdTomato fluorescent protein, 2) adding trafficking
signals, or 3) adding dummy-fluorescent tdTomato (tdTomato dummy) (Fig. 5B), and
then photocurrents were measured in cultured hippocampal neurons (Fig. 4 and 5).
Smaller photocurrents were observed in ChrimsonR plasmid variants when tdTomato was
removed or adding trafficking signals (absence of tdTomato) compared to the control
ChrimsonR (pAAV-Syn-ChrimsonR-tdTomato) (Fig. 5A and 5C). However,
photocurrents of ChrimsonR fused to dummy tdTomato were similar to the control
ChrimsonR (Fig. 4A, SA, and 5C). Neurons expressing ChrimsonR without fluorophore
were visualized by co-transfection with AAV-Syn-GFP or Fubi-tdTomato [Christensen
AH,, & Quail P.H. Transgenic Res. 5 (3):213-8, 1996].

Discussion

Long term expression of fluorescent proteins in vivo may cause photobleaching
and toxicity, which is a big concern that impedes the clinical use of opsin-fluorescent
protein fusions. Experiments have shown the fluorescent protein playing a role in the
folding, trafficking and function of the opsin-fluorescent fusion protein. Therefore,
studies were performed to identify a means to express ChrimsonR at a high level with low

levels of photobleaching and toxicity, for clinical optogenetics.
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TdTomato has the X-Tyr-Gly chromophore-forming tripetide and possess a
phenol ring derived from the Tyr residue [Miyawaki, A., et al., Current Opinion in
Structural Biology 22,679-688 (2012); Day R.N & Davidson M.W. Chem. Soc. Rev. 38,
2887-2921 (2009]. The Tyr amino acids at positions 68 and 310 of tdTomato polypeptide
(for example, SEQ ID NO: 1) were site mutated to either Ala (DM1) or Gly (DM2). The
fusion proteins comprising these mutated tdTomato polypeptides and ChrimsonR
(ChR88R) were found to exhibit appropriate folding, trafficking, and function.
Immunostaining demonstrated that the both of the prepared dummy tdTomato
polypeptides showed no detectable tdTomato fluorescence, but the tdTomato
polypeptides were still detectible using anti-RFP immuno-stain. Electrophysiology
recording of ChrimsonR photocurrent under red light illumination indicated that the
dummy tdTomato didn’t affect the opsin-fluorescent fusion protein's folding, trafficking
and function. In summary, the opsin-dummy tdTomato fusion proteins were prepared,

which supports their role in therapeutic optogenetics.

Example 2
Methods and Results

Dummy fluorescent polypeptide molecules are prepared using methods described
in Example 1 herein, which may include expression of fusion proteins that include a
dummy-fluorescent polypeptide having a tdTomato polypeptide or functional variant as
described elsewhere herein, and also a stimulus-activated opsin, for example a light-
activated opsin. These fusion proteins may be referred to as tdTomato — opsin fusion
proteins. Vectors are prepared that comprise a nucleic acid sequence that encodes the
dummy fluorescent polypeptide and a nucleic acid sequence that encodes an opsin
polypeptide. Procedures are carried out to prepare fusion proteins that include the opsins
ChrimsonR, CoChR, ChR88, Chr90, ChR2, Jaws, Halo, and others described elsewhere
herein, or a functional variant of one of the listed opsins. Vectors encoding the dummy
fluorescent polypeptide and opsin polypeptide and some also include one or more
additional nucleic acid sequences, one or more of which encode an export polypeptide, a
trafficking polypeptide, and/or a signal polypeptide. Using standard administration
procedures used to deliver vectors to cells and subjects, the prepared vector is
administered to a human or animal subject who has a disease or condition, or is at risk of
a disease or condition, or is suspected of having a disease or condition that includes

abnormal electrical activity in one or more cells or regions in the subject.
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The encoded tdTomato — opsin fusion protein is expressed in a cell in the subject
in a cell or region with abnormal electrical activity, the cell in which the fusion protein is
expressed is contacted with suitable light to activate the expressed opsin and alter the
electrical activity of the cell in which it is expressed. The altered electrical activity of the
cell reduces the abnormal electrical activity of the cell. A disease in the subject that
results from the abnormal electrical activity is treated by contacting the expressed fusion
protein with suitable light.

Procedures are performed in which a described vector is administered to a subject
having blindness and/or visual impairment that results at least in part from abnormal
electrical activity in one or more of a neuronal cell and a visual system cell in the subject.
Activation of the opsin that is expressed with the dummy fluorescent polypeptide treats
and reduces the blindness in the subject. One or more of the symptoms and/or
characteristics of the blindness and/or visual impairment being treated with the procedure
are reduced in response to the procedure.

Procedures are performed in which a described vector, prepared using methods set
forth in Example 1 is administered to a subject having hearing loss or hearing impairment
that results at least in part from abnormal electrical activity in one or more of a neuronal
cell and a auditory system cell in the subject. Activation of the opsin that is expressed
with the dummy fluorescent polypeptide treats one or more symptoms of hearing loss
and/or hearing impairment and increases auditory function in the subject. One or more of
the symptoms and/or characteristics of the hearing loss and/or hearing impairment being
treated with the procedure are reduced in response to the procedure.

Additional procedures are performed in which a described vector is administered
to a subject having a seizure disorder or condition that results at least in part from
abnormal electrical activity in one or more of a neuronal cell in the brain of the subject.
Activation of the opsin that is expressed with the dummy fluorescent polypeptide treats
one or more symptoms of seizure and reduces the seizures in the subject. One or more of
the symptoms and/or characteristics of the seizure disorder being treated with the
procedure are reduced in response to the procedure.

Procedures are performed in which a described vector is administered to a subject
having dementia, memory loss, Parkinson’s disease, depression, ALS, and/or Alzheimer’s
disease symptoms that result at least in part from abnormal electrical activity in one or
more of a neuronal cell in the brain in the subject. The opsin that is expressed with the

dummy fluorescent polypeptide is contacted with suitable light in an amount effective to
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decrease the abnormal electrical activity in the patient’s cells that include the fusion
protein and treat the dementia, memory loss, Alzheimer’s disease, depression,
Parkinson’s disease, and ALS, and to reduce one or more symptoms and/or characteristics
of the dementia, memory loss, Alzheimer’s disease, depression, and Parkinson’s disease
in the subject. One or more of the symptoms and/or characteristics of the dementia,
memory loss, Alzheimer’s disease, depression, ALS, and/or Parkinson’s disease being
treated with the procedure are reduced in response to the procedure.

Procedures are performed in which a described vector is administered to a subject
having a cardiac condition that results at least in part from abnormal electrical activity in
one or more of a cardiac cell, a neuronal cell, and a muscle cell in the subject. The opsin
that is expressed with the dummy fluorescent polypeptide is contacted with suitable light
in an amount effective to reduce the abnormal electrical activity in the patient’s cells that
include the fusion protein and to treat the cardiac condition and to reduce one or more
symptoms and/or characteristics of the cardiac condition in the subject. One or more of
the symptoms and/or characteristics of the cardiac condition are reduced in response to
the procedure.

Procedures are performed in which a described vector is administered to a subject
having an immune system condition that results at least in part from abnormal electrical
activity in one or more of an immune system cell in the subject. The opsin that is
expressed with the dummy fluorescent polypeptide is contacted with suitable light in an
amount effective to reduce the abnormal electrical activity in the patient’s cells that
include the fusion protein and to treat the immune system condition and to reduce one or
more symptoms and/or characteristics of the immune system condition in the subject.
One or more of the symptoms and/or characteristics of the immune system condition are
reduced in response to the procedure.

Procedures are performed in which a described vector is administered to a subject
having a muscle defect, abnormal muscle activity, muscle associated disease or condition
that results at least in part from abnormal electrical activity in a muscle cell in the subject
or in a cell that stimulates a muscle cell in the subject. The opsin that is expressed with
the dummy fluorescent polypeptide is contacted with suitable light in an amount effective
to reduce the abnormal electrical activity in the patient’s cells that include the fusion
protein and to treat the muscle defect, abnormal muscle activity, muscle associated
disease or condition and to reduce one or more symptoms and/or characteristics of the

muscle defect, abnormal muscle activity, muscle associated disease or condition that
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results from abnormal electrical activity in cells in the subject. One or more of the
symptoms and/or characteristics of the muscle defect, abnormal muscle activity, muscle
associated disease or condition that results from abnormal electrical activity in cells in the

subject are reduced in response to the procedure.

Equivalents

Although several embodiments of the present invention have been described and
illustrated herein, those of ordinary skill in the art will readily envision a variety of other
means and/or structures for performing the functions and/or obtaining the results and/or
one or more of the advantages described herein, and each of such variations and/or
modifications is deemed to be within the scope of the present invention. More generally,
those skilled in the art will readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will depend upon the specific
application or applications for which the teachings of the present invention is/are used.
Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodiments of the invention
described herein. It is, therefore, to be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and
equivalents thereto; the invention may be practiced otherwise than as specifically
described and claimed. The present invention is directed to each individual feature,
system, article, material, and/or method described herein. In addition, any combination of
two or more such features, systems, articles, materials, and/or methods, if such features,
systems, articles, materials, and/or methods are not mutually inconsistent, is included
within the scope of the present invention.

All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or
ordinary meanings of the defined terms.

The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least
one.” The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Other

elements may optionally be present other than the elements specifically identified by the
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“and/or” clause, whether related or unrelated to those elements specifically identified,
unless clearly indicated to the contrary.
All references, patents and patent applications and publications that are cited or

referred to in this application are incorporated by reference in their entirety herein.

What is claimed is:
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CLAIMS
1. A composition comprising a dummy-fluorescent (DF) polypeptide or DF
functional variant thereof.
2. The composition of claim 1, further comprising: a stimulus-activated opsin
polypeptide.
3. The composition of claim 2, wherein the opsin is a light-activated opsin
polypeptide.
4. The composition of claim 2 or 3, wherein the composition is a fusion protein and

comprises one or more of DF polypeptide or DF functional variant thereof and the
stimulus-activated opsin polypeptide, and optionally comprises one or more of a

trafficking polypeptide and a signal polypeptide.

5. The composition of any one of claims 1-4, wherein the DF polypeptide is a DF
tdTomato polypeptide.
6. The composition of claim 5, wherein the amino acid sequence of the DF

polypeptide is set forth as at least one of SEQ ID NO: 3 or a DF functional variant
thereof, SEQ ID NO: 5 or a DF functional variant thereof, and one of the DF polypeptides

described in Table 1 or a DF functional variant thereof.

7. The composition of any one of claims 1-6, in a cell.

8. The composition of claim 7, wherein the cell is a vertebrate cell and optionally is a

mammalian cell.

0. The composition of claim 7 or 8, wherein the cell is an excitable cell.

10. The composition of any one of claims 1-9, wherein the DF functional variant
comprises at least one of the amino acid sequences set forth as SEQ ID NO: 3, SEQ ID
NO: 5, or another of the DF polypeptides described in Table 1 with 1,2,3,4,5,6,7,8,9,
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10 or more sequence modifications from the amino acid sequence of SEQ ID NO: 3, SEQ

ID NO: 5, or another DF polypeptide described in Table 1, respectively.

11.  The composition of any one of claims 1-10, wherein the amino acid sequence of
the DF functional variant has at least: 75%, 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%
92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity to at least one of the
amino acid sequences set forth as SEQ ID NO: 3, SEQ ID NO: 5, and one of the DF

2

polypeptides described in Table 1.

12. The composition of any one of claims 2-11, wherein the opsin polypeptide is a

ChrimsonR (ChR88R) polypeptide or a functional variant thereof.

13. A polynucleotide comprising a nucleic acid sequence encoding the DF

polypeptide or DF functional variant thereof of any one of claims 1-12.

14. The polynucleotide of claim 13, comprising the sequence set forth as SEQ ID NO:

4 or a functional variant thereof.

15. The polynucleotide of claim 13, comprising the sequence set forth as SEQ ID NO:

6 or a functional variant thereof.

16.  The polynucleotide of claim 13, wherein the nucleic acid sequence is a

mammalian codon-optimized DNA sequence.

17. A vector comprising the polynucleotide of any one of claims 13-16.

18. The vector of claim 17, wherein the polynucleotide is operatively linked to a

promoter sequence.
19. The vector of claim 17 or 18, further comprising one, two, or more nucleic acid

signal sequences operatively linked to the nucleic acid sequence encoding an opsin

polypeptide.
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20. The vector of any one of claims 17-19 wherein the encoded opsin polypeptide is a

ChrimsonR (ChR88R) polypeptide or a functional variant thereof.

21. The vector of any one of claims 17-20, wherein the vector is a plasmid vector,

cosmid vector, viral vector, or an artificial chromosome.

22. The vector of any one of claims 17-21, further comprising one or more of: a
nucleic acid sequence encoding an opsin polypeptide and a nucleic acid sequence
encoding a detectable label.

23. The vector of claim 22, wherein an expression product of the vector is a fusion
protein comprising the DF polypeptide or a DF functional variant thereof fused to one or
more of the opsin polypeptide and the detectable label.

24, The vector of any one of claims 17-23, wherein the vector is in a cell.

25. The vector of claim 24, wherein the cell is a vertebrate cell and optionally is a

mammalian cell.

26. The vector of claim 24 or 25, wherein the cell is an excitable cell.

27.  The vector of any one of claims 17-26, wherein the amino acid sequence of the
encoded DF polypeptide is the sequence set forth as at least one of: SEQ ID NO: 3 ora
DF functional variant thereof; SEQ ID NO:5 or a DF functional variant thereof; and a DF
polypeptide described in Table 1 or a DF functional variant thereof.

28. A cell comprising the vector of any one of claims 17-27.

29. A fusion protein comprising a DF polypeptide.

30. The fusion protein of claim 29, wherein the DF polypeptide is a DF tdTomato
polypeptide.
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31 The fusion protein of any one of claims 29 or 30, wherein the DF polypeptide has
the amino acid sequence of at least one of: SEQ ID NO: 3 or a DF functional variant
thereof, SEQ ID NO: 5 or a DF functional variant thereof; and a DF polypeptide

described in Table 1 or a DF functional variant thereof.

32. The fusion protein of any one of claims 29-31, further comprising a stimulus-

activated opsin polypeptide.

33. The fusion protein of claim 32, wherein the stimulus-activated opsin is a light-

activated opsin and the activating stimulus comprises one or more wavelengths of light.

34. The fusion protein of claim 32 or 33, wherein the encoded opsin polypeptide is a

ChrimsonR (ChR88R) polypeptide or a functional variant thereof.

35.  The fusion protein of any one of claims 29-34, further comprising a detectable
label.

36. The fusion protein of claim any one of claims 29-35, wherein the fusion protein is
in a cell.

37. The fusion protein of claim 36, wherein the cell is a vertebrate cell, and optionally

is a mammalian cell.

38.  The fusion protein of claim 36 or 37 wherein the cell is an excitable cell.

39. The fusion protein of any one of claims 31-38, wherein the DF functional variant
comprises at least one of: the amino acid sequence of SEQ ID NO: 3 with 1,2, 3,4, 5,6,
7, 8,9, 10, or more sequence modifications; the amino acid sequence of SEQ ID NO: 5
with 1,2,3,4,5,6,7,8,9, 10, or more sequence modifications, and the amino acid
sequence of a DF polypeptide described in Table 1 with 1, 2,3,4,5,6,7,8,9, 10, or

more sequence modifications.

40.  The fusion protein of any one of claims 31-39, wherein the amino acid sequence

of the DF functional variant has at least: 75%, 80%,81%, 82%, 83%, 84%, 85%, 86%,
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87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence
identity to at least one of’ the amino acid sequence of SEQ ID NO: 3, SEQ ID NO: 5, and
a DF polypeptide set forth and described in Table 1.

41. A cell comprising the fusion protein of any one of claims 29-40.

42. The cell of claim 41, wherein the cell is a vertebrate cell, and optionally is a
human cell.

43, A method of modulating electrical activity in a cell, the method comprising:

a) expressing in a host cell a fusion protein comprising: a dummy-fluorescent
(DF) polypeptide or a DF functional variant thereof and a stimulus-activated opsin
polypeptide; and

b) contacting the expressed opsin polypeptide with a stimulus under suitable
conditions to activate the opsin polypeptide and modulate an electrical activity in the host

cell.

44.  The method of claim 43, wherein the host cell is a vertebrate cell, optionally a

mammalian cell.

45. The method of claim 43 or 44, wherein the host cell is a human cell.

46. The method of any one of claims 43-45, wherein the host cell is a neuronal cell, a
nervous system cell, muscle cell, a neuron, a cardiac cell, a circulatory system cell, a

visual system cell, or an auditory system cell.

47. The method of any one of claims 43-46, wherein the cell is an: in vitro, ex vivo, or

in vivo cell.

48. The method of any one of claims 43-47, wherein the DF functional variant

comprises at least one of: the amino acid sequence of SEQ ID NO: 3 with 1,2, 3,4, 5,6,
7, 8,9, 10, or more sequence modifications and the amino acid sequence of SEQ ID NO:
Swith 1,2,3,4,5,6,7,8,9, 10, or more sequence modifications; and a DF polypeptide

described in Table 1 with 1,2, 3,4, 5,6, 7, 8,9, 10, or more sequence modifications.
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49.  The method of any one of claims 43-48, wherein the amino acid sequence of the
DF functional variant has at least: 75%, 80%,81%, 82%, 83%, 84%, 85%, 86%, 87%,
88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% sequence identity
to at least one of: the amino acid sequence of SEQ ID NO: 3, SEQ ID NO: 5, and a DF
polypeptide set forth and described in Table 1.

50.  The method of any one of claims 43-49, wherein the stimulus-activated opsin is a
light-activated opsin and the activating stimulus comprises one or more wavelengths of

light.

51.  The method of any one of claims 43-50, wherein the amino acid sequence of the
DF polypeptide is set forth as at least one of SEQ ID NO: 3 or a DF functional variant
thereof, SEQ ID NO: 5 or a DF functional variant thereof, and one of the DF polypeptides

described in Table 1 or a DF functional variant thereof.

52.  The method of any one of claims 43-51, wherein the stimulus-activated opsin is a

ChrimsonR (ChR88R) polypeptide, or functional variant thereof.

53. A method of treating a disease or condition in a subject, the method comprising,
a) expressing in a cell of a subject in need of such treatment, a therapeutically
effective amount of a fusion protein comprising a dummy-fluorescent (DF) polypeptide
or a DF functional variant thereof, and a stimulus-activated opsin polypeptide, to treat the
disorder; and
b) contacting the opsin polypeptide expressed in the cell with a stimulus under
conditions suitable to modulate an electrical activity of the cell, wherein the modulated

electrical activity of the cell treats the disease or condition in the subject.

54. The method of claim 53, wherein the disease or condition is injury, brain damage,
spinal cord injury, epilepsy, cardiac dysfunction, vision loss, blindness, deafness, hearing

loss, ALS, Alzheimer’s disease, Parkinson’s disease, seizures, or a psychiatric condition.

55. The method of claim 53 or 54, wherein the amino acid sequence of the DF

polypeptide is set forth as at least one of SEQ ID NO: 3 or a DF functional variant
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thereof, SEQ ID NO: 5 or a DF functional variant thereof, and one of the DF polypeptides

described in Table 1 or a DF functional variant thereof.

56.  The method of any one of claims 53 or 55, wherein the stimulus-activated opsin is

ChrimsonR (ChR88R) polypeptide, or a functional variant thereof.

57. A pharmaceutical composition for delivering a stimulus-activated opsin to a cell

in a subject, comprising the composition of any one of claims 1-12.

58.  The pharmaceutical composition of claim 57, wherein the pharmaceutical

composition further comprises a pharmaceutically acceptable carrier.

59.  The pharmaceutical composition of claim 57 or 58, further comprising one or

more of a: trafficking agent, targeting agent, and detectable label.

60.  The pharmaceutical composition of any one of claims 57-59, wherein the amino
acid sequence of the DF polypeptide is set forth as at least one of SEQ ID NO: 3 or a DF
functional variant thereof, SEQ ID NO: 5 or a DF functional variant thereof, and one of

the DF polypeptides described in Table 1 or a DF functional variant thereof.

61. The pharmaceutical composition of any one of claims 57-60, wherein the
stimulus-activated opsin is a ChrimsonR (ChR88R) polypeptide or a functional variant

thereof.

62. A pharmaceutical composition for delivering a stimulus-activated opsin to a cell

in a subject, comprising the nucleic acid of any one of claims 13-16.

63.  The pharmaceutical composition of claim 62, wherein the pharmaceutical

composition further comprises a pharmaceutically acceptable carrier.
64.  The pharmaceutical composition of claim 62 or 63, further comprising one or

more polynucleotides having a nucleic acid sequence that encodes a: trafficking agent

polypeptide, a promoter, a targeting agent polypeptide, or a detectable label polypeptide.

60



10

WO 2018/017831 PCT/US2017/043065

65. The pharmaceutical composition of any one of claims 62-64, wherein the
polynucleotide’s nucleic acid encodes at least one of SEQ ID NO: 3 or a DF functional
variant thereof, SEQ ID NO: 5 or a DF functional variant thereof, and one of the DF

polypeptides described in Table 1 or a DF functional variant thereof.
60. The pharmaceutical composition of any one of claims 62-65, wherein the

stimulus-activated opsin is a ChrimsonR (ChR88R) polypeptide or a functional variant

thereof.
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