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Fluorescence microscopy requires fluorophores

¢ = quantum yield
€ = extinction coefficient
Brightness ~ ¢ * &

i.e., for fluorescein
& =0.92
£=73,000 M-’cm-1

Tetramethylrhodamine
(TRITC)

N Fluorescein

S"C ’ (FITC)

Non-natural fluorophores made by chemical synthesis

6
Non-natural fluorophores for protein labelling
Trends Bioch. Sci., 1984, 9, 88-91.

Emerging Techniques

Fluorescent analog cytochemistry
D. Lansing Taylor, P. A. Amato, K. Luby-Phelps and

Proteins of interest

A non-natural fluorophore
must be chemically linked to
a protein of interest...

Getting non-natural fluorophores into a cell

Trends Bioch. Sci., 1984, 9, 88-91.

Emerging Techniques
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Chemically labeled proteins of interest
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Microinjection with
micropipet

...and then
manually injected
into a cell

Some sea creatures make natural fluorophores
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Hydromedusan, Aequored’

respect from the greenish luminescence of
the whole organism or fresh squeezates.?
‘The light-emitting potency was calculated
to be 42,500 1..U./mg, which is equivalent
fo the total light of 6.6 ug of Cypridina
lucifrin whose moleculax weight is 469
(Hivata, Shimomura and Eguchi, °5).
Uttraviolot absorption spectiem
Except for a siight bulge at 310 mp, the
ultraviolet absorption spectrum (fig. 3) is
similar to that of simple proteins, with a
peak at 380 mu. After the luminescent re-
action the bulge at 310 my disappears and
g new absorption maximun shaws up ot

The discovery of a protein fluorophore

Extraction, Purification and Properties of Aequorin,
a Bioluminescent Protein from the Luminous

OSAMU SHIMOMURA? FRANX H. JOHNSON axo YO SAIGA

Degariment of iology, Frinceton University, Prvccton, New Jersey,
ay Harbor Laboratories, Universiy of Washington,

Fridey Harbor, Washinglo

228 0SAMU SHIMOMURA, FRANK 1. JOHNSON AND YO SAIGA

ing effect in the Juminescent recation by
adding 5 ml of 0.01 M salt solution to
0.05 mi of acquorin in 0.01 M EDTA-2Na
solution at pH 6.0. Among them, 1o acti-
vation was found with ions of magnesiom,
barium, potassiu, ammonium, zine, co-

copper, or lead. A slight activation that
occurred with cadmium was probably due
to the presence of impurities, inasmuch as
the purest available substance had the
least effect. Some activating effect of stron-
tium could either be real or due to impuri-
ties; the evidence is not conclusive.

The discovery of a protein fluorophore

3 A protein giving solutions that look slightly green-
ish in sunlight though only yellowish under tungsten
‘Exlraction, Purification and Properties of Aequorin, lights, and exhibiting a very bright, greenish fluores-
@ Bioluminescent Protein irom the Luminous cence in the ultraviolet of & Mineralite, }:’%s also been

Hydromedusom, Aequored’ 1isola
cent naction of this snstance could be detected.
A B o ;:;::;Nn: Studies of the emission spectra of both this protein
o j."p,.f:‘é,x: e Bt o W o and aequorin are in progress.
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333 In regard to calcium, the influence of
concentration is illustrated by the data

Requirement of Ca** for lumines- shown in figure 4,(A). When the concen-

cence, and effects of other
cations

& grotein giving soutions (hat look signty sreen
The calcium requirement has been re-  Hghis, nd Sxbbiiong 2 vers, bkt gres “‘“,{‘K“'“
ferred to above. Thirteen other cations in  §ghce in,the vitzaviolet

the form of salts of chloride, sulfate or  sent. veachon oF Ghs-
acetate were tested for a possible activat-  Suies, .':.f,:..'.:,‘;""" ‘l'““ oo s

Shimomura et al., J. Cell. Comp. Physiol. 1962, 59, 223,

Protein (GFP)

Shimomura et al., J. Cell. Comp. Physiol. 1962, 59, 223.

30 years later, the gene for GFP was cloned by Prasher
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Shimomura et al., J. Cell. Comp. Physiol. 1962, 59, 223; Prasher et al., Gene 1992, 111, 229

Aequorea jellyfish green f)luorescent protein

Tyré6 O Gly67 cyclization
N $ oxidation
m_& o dehydration

0 The Nobel Prize In Chemistry
2008

http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2008/|
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Typical live cell imaging using GFP Natural FP color variants in coral and anemone

AT TN "l
DO
fluorescent gene of
protein gene interest

mammalian cells

with GFP-labeled e \ 2
end-binding "\ ,’/
protein 3 (EB3) A~
yellow FP from orange FP from red FP from
Discosoma sp.

cyan FP from
Fungia concinna

Clavularia sp. Zoanthus sp.
Matz et al., Nat. Biotechnol. 1999, 17, 969; Henderson & Remington, Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 12712; Remington et al., Biochemistry 20035, 44, 202; Kikuchi et al., Biochemistry 2008, 47, 11573;Yarbrough et al., Proc.|
Natl. Acad. Sci. U. S. A. 2001, 98, 462. Images: reefguide.org; goldenmarindo.com; www.seascapestudio.net |
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Movie and image from Michael W. Davidson; Microtubule schematic from Nakamura et al., PLoS ONE, 2012, 7(12), e51442

’ The trouble with tetramers

correct
trafficking

improper ¢
trafficking

Discosoma RFP

Aequorea GFP

Shimomura, FEBS Lett. 1979, 104, 220; Gross et al., Proc. Nail. Acad. Sci. U. S. A. 2000, 97, 11990,




Nature has gen pr _
variety of genetically encoded fluorophores
However, ideal for jellyfish and coral # ideal for research,
so we must engineer fluorescent proteins to suit our needs!

FP for live cell imaging would...

...be brightly fluorescent (EC * QY),

...be a monomer,
...be red or near-infrared fluorescent,
...be resistant to photobleaching,
...be insensitive to changes in pH,

...be tolerant of fusion to other proteins,
...have fast and efficient folding and maturation,
...have narrow absorption and emission profiles,

...have a single exponential lifetime.

Engineering fluorescent proteins
DDA fluorescent protein gene

e.g. monomerizing mutations; some Rational
colour-changing mutations

design and rational
modification engineering

prligti gttt Sdlied Directed
evolution
error-prone PCR
amplification

repeat with winners

One half of The Nobel

™S Prize in Chemistry 2018g#
)@DWW was one half awarded 4
P S D io Frances H. Amold

TN T “for the directed R .
WWW evolution of enzymes.” isolate p|asm|d,

gene library express gene,

characterize

insertin plasmid & N
protein

transform E.coli & ?
fi d.h :
@ findthe °

improved one

pick it

Early examples of engineered GFP variants

TrE 3 Change this
= residue to other

%yl aromatic amino
& o i acids
—_— = :f/

W LN

Heim et al., Proc. Natl. Acad. Sci. U. S. A. 1994, 91, 12501; Heim et al., Nature 1995, 373, 663;

Cubitt et al., Trends Biochem. Sci. 1995, 20, 448; Heim & Tsien, Curr. Biol. 1996, 6, 178; Ormi et al., Science 1996, 273, 1392,
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A palette of monomeric fluorescent proteins

protein engineering

= = >

dimer monomer  brighter

DsRed-derived
(mPFruit) series

GFP-derived series

Nathan Shaner and Paul Steinbach

Aequorea FP

Campbell ef al., Proc. Natl. Acad. Sci. U. . A. 2002, 99, 7877; Wang et al., Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 16745;
Shaner et al., Nat. Biotechnol. 2004, 22, 1567; Shu et al., Biochemistry 2006, 45, 9639; Shaner et al., Nat. Methods 2008, 5, 545.|




Fluorescent proteins that are not homologs of GFP

Japanese eel

Muscle cell
expression \ 7

Molecular cloning
Bilirubin

apoUnaG

holoUnaG

<4

New clinical
assay for
bilirubin

Heterologous
expression

apoUnaG BR

Kumagui et al., Cell 20

, 153, 1602 (Una6)

Four classes of fluorescent protein

Homologs of
Aequorea GFP
with autogenic
chromophore
formation
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y Jellyfish FPs (e.g. GFP) Coral & anemone FPs (e.g.

JIa)

\(( \ f Biliverdin-binding proteins N

mcherry)

[ Flavin-binding proteins

flavin-binding protein-derived

(e.g.iLOV)

Phytochrome-derived
(e.g. IFP1.4, iRFP)

Bilirubin-binding proteins \

fatty-acid-binding protei
(e.g. UnaG)

2

Shu et al., Science 2009, 324, 804 (IFP1.4); Filonov ef al., Nat. Biotechnol. 2011, 29, 757 (iRFP); Yu et al., Nat. Methods 2015, 12, 763 (mIFP);
Rodriguez ef al. Nat. Methods 2016, 13, 763 (smURFP); Kumagai et al., Cell 2013, 153, 1602 (UnaG); Buckley e al., Curr. Opin. Chem. Biol. 2015, 27, 39 (iLOV).

Outline

Fluorescent proteins (FPs)

rﬁOther fluorophore technologies }

D Single FP-based biosensors

Genetically

Types of fluorophores

Fluorescent
nanoparticles

fsynthetic \

encoded dyes
L ecch
1§ &
Alexa Fluor 488 Q5
GFP 1GFL
e.g., Qdot nanocrystals fromThermoFisher
Typicall i L)
ypically Typically attached to an ;

expressed as

a gene fusion

with a protein
of interest

antibody directly (dyes)

i
3
9 Streptavidin/biotin 1STP

10 nm

or via streptavidin/
\ biotin (Qdots)
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0. Gtochrome ¢ Oridase.
(Complex V) 1oco

1. Gochrome ¢ 3cyt

2. Cytochrome bl
(ComplexIl) 1bgy

3. Sucinate Dehycrogenase
(Complex I Tnek
4. NADH-Quinone Oridoreducase
(Complex ) 3mgs, 3tko

35 ATP Syrthase 1679, 1c17, 112p, 2a7u

36. Myoglobin 1mbd

37, Hemoglobin 4hhb

Adenosine

Triphosphate  OFP 16FL
(1P

L]
Glucose : Mexa Fluor 488

Water

Luciferase 2015

-.
< G5 Streptavidinibiotin 1TP

1. Amylase 5. Pepsin
2. Phospholipase 6. Trypsin

Storage: containing nutrients
for future consumption
38.Fertin 1hrs

3. Deonyribonuclease 2dnj 7. Carboxypeptidase
4. Lysozyme 8. Rbonucease

Digestive Enzymes: breaking food o ] c itis, n
into small nutrient molecules % Ls:f + J f';‘ !
" 5 o 3

e

Blood Plasma Proteins: transporting nutrients
and defending against injury

9. FacorX 1xka, liod 11 Fbrin 11, 2baf

10, Thrombin 1ppb 12.Seum Albumin 1e7i

I
Viruses and Antibodies: engaging in H 0 g
constant battle in the bloodstream

13. Antbody Tigt 4. Rhinovirus arhy

Hormones: carrying molecular
messages through blood

15. Glucagon 1gcn

6. Insulin 2hiu

'3 ?uemmcmwm Factor legf
0 nm

Versatility!

L
Adenosine
Triphosphate  GFP1GFL

(ATP)

Antibody 1167

. o
Clucose & Alexa Fluor 488

Water

s
& ¥ Ludferase 2015

Steptavidin/biotin 15T

Alexa Fluor 488

Ex. 496 nm, Em. 519 nm

$ =0.92,€=71,000 M-'cm-!
Brightness ~ 65 Photostability!
(Cy5: ~68 @ 646/664 nm)

Qdot 525 streptavidin

HaloTag
¥ SNAP-tag Ex. 488 nm (broad), Em. 525 nm
CLIP-tag ¢ =0.30, £ = 130,000 M-1cm-1
Brightness ~ 39 @ 488 nm
Live cell and Brightness ~ 97 @ 405 nm
. . . . (Qdot 800: ~900 @ 532/800 nm
in vivo imaging! and ~4600 @ 405/800 nm)

Green Fluorescent Protein

Ex. 488 nm, Em. 507 nm

¢ =0.60, £ = 56,000 M-'cm-!

EGFP Brightness ~ 34
(mNeonGreen: ~93 @ 506/517 nm)

26

o
HaloTag, SNAP-tag, and CLIP-tag are examples of genetically encoded proteins that
form covalent bonds with synthetic membrane-permeable fluorophores.
¥ HaloTag
i
¥
Protein of Interest Protein of Interest
*, : - Halotag is a mutant of a bacterial haloalkane dehydrogenase

- SNAP- and CLIP-tag are engineered variants of the DNA repair protein O6-
alkylguanine-DNA alkyltransferase

Keppler et al. Nat. Biotechnol., 2003, 21, 86 (SNAP-tug); Gautier et al. 2008, 15, 128 (CLIP-tag); Los et al. ACS Chem. Biol., 2008, 3, 373 (HaloTag).

Outline

fZFIuorescent proteins (FPs)
MOther fluorophore technologies

] Single FP-based biosensors
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Designs of fluorescent protein-based biosensors

Férster resonance energy transfer Fluorescent protein reconstitution

A% =)

FRET

‘\_é"\‘ ‘{/{' 1
b

Split FPs

\ V.=

Dimerization-dependent FPs

Single fluorescent protein

.
— W N
§<-Be

Miyawaki et al., Proc. Natl. Acad. Sci. U. S. A. 1999, 96, 2135; Ghosh et al., J. Am. Chem. Soc. 2000, 122, 5658; Kerppola, Chem. Soc. Rev. 2009, 38, 2876; Nagui et al., Proc. Natl. Acad. Sci. U. . A. 2001, 98, 3197; Nakai et al., Nat,

CHEMICAL _>1000 works cited! _
REVIEWS

Encoded Fl lluminate the
Spalluremporal Regulation of Slgnallng Networks
Bric C. Greemwald,® Sohum Mehta,*'© an
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Roger Tsien’s Ca2+ biosensor equation

Ca2* biosensor

fluorophore  + Ca2+binding motif

OH  HO,
R b
}9 GO L o__O. t/\"/ Fura-2
N=A
Y J\OH HOLO ?9/
N=
oo BAPTA ‘\1"
HO"~0
4 8
7 Af\ca?
) 6 i\
55 /)
Calmodulin 4 - [\
+ cam = g 5] fl\
OB / I \
EDTA
(',k:/A/%\\u
.
300 400 500 600

Wavelength (nm)

Camgaroo (1999)
Grynkiewicz, Poenie, and Tsien, J Biol Chem. 1985, 260, 3440; Baird et al. Proc. Natl. Acad. Sci. U.S.A. 1999, 96, 11241.

Biotechnol. 2001, 19, 137; Alford et al., Chem. Biol. 2012, 19, 353; Ding et al., Nat Methods 2015, 12, 195.]

GCaMP the prototypical Ca2+ biosensor (2000)

calmodulin Pericam

Atsushi Miyawaki

GCaMP1+ GCaMP3-7  (RIKEN) S
Junichi Nakai Loren Looger &
(Saitama) GENIE (Janelia)

Takeharu Nagai

(Osaka)
; Nakai et al., Nat. Biotechnol. 2001, 19, 137
iol. Chem. 2009, 284, 6455

Nagai et al., Nat. Biotechnol. 2000, 18,
Tallini et al., Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 4753; Wang et al., Structure 2008, 16, 1817; Akerboom et al.,

Tian et al., Nat. Methods 2009, 6, 875; Akerboom et al., J. Neurosci. 2012, 32, 13819; Chen et al., Nature 2013, 499, 295; Dana et al., Nat. Methods 2019, 16, 649
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The growing toolbox of (non-Ca2*) single GFP-based biosensors

Protein Kinases (JZ)

Loren Looger (LL)  Lin Tian (LT * n

9 ( ) .:CZ {t S ExRai-AKAR

- ExRai-CKAR

ExRai-AktAR

Maltose Dopamine Voltage

Tetsuya Yulong Li(YL) MBPPPYF (LL) dLIght1 (LT) ASAP3 (ML)

Kitaguchi (TK) Glutamate GR?BDA(YL) Among many others
Glucose

iGluSnFR (LL)
SF-iGluSnFR (LL) Green Glifons (TK)

i O

GABA cAMP ...and from the the
i Flamindo2 (TK) Campbell lab:
Jin Zhang (Jz) ~ Michael Lin (ML) iGABASNFr (LL) amindo GINKO (K
: Nicotine cGMP

iLACCO (lactate)
Citrate biosensors

iNicSnFr (LL) Green cGull (TK)
Extracellular ATP Intracellular ATP
IATPSnFr (LL) MalLionG (TK)
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. Why L-lactate?
ILACCO: Astrocyte-to-Neuron Lactate Shuttle (ANLS) process

A single FP-based L-lactate biosensor - —

ADO
Jox
Variows
recepton |
uu
mCTz
M(h
5 {_ Giycogenotysis
Efficient but slow OH"OH  Fast but inefficient f - -" \_ o Giyoge
: ’—‘—‘ . &
productlon of ATP Glycolysis production of ATP 4 ° — (.( e Glycolyys
& ) ) : K e d »aﬂcl
Aeroblc ° Anaerobic o . . ] P / Dosew Aw S \ o(‘::“ transporter
Kreb’ CoA'i o \HJ\ - . — wnn\ Aax r cose
cycls Acetyl- (Fermentatlon} o » 3 [ co rc = Glutamate * NO
Coenzyme A Pyruvate Lactate LI "
«ARC $ ulm’
~EGR1 .J receptor
* BONF

“Lactate is transferred from astrocytes to neurons to match the neuronal energetic needs, and to provide
signals that modulate neuronal functions, including excitability, plasticity and memory consolidation.”
-Magistretti and Allaman

Magistretti and Allaman, Nature Reviews Neuroscience, 2018, 19, 235.

There is growing recognition that lactate is a key player in a
surprising variety of biological process (including neural activity).

35
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Laconic is a currently available Designs of fluorescent protein-based biosensors
FRET-based biosensor for L-lactate

Forster resonance energy transfer Fluorescent protein reconstitution

. J
= no ligand
~ 5 — 10 mM lactate {\ é ® éé _’
4 — -
LIdR lactate- Venus v . L s

binding domain 4 FRET SplitFPs
) mTFP
lactate
[ 3 _><._
7 R
mTFP1 Venus FRET T oo e &b * Dimerization-dependent FPs
~ S
Wavelength (nm) B4 CHEMlaLM

Emission intensity (a.u.)

) Single fluorescent protein
REVIEWS:m

Encoded Fl llluminate the
Spatiotemporal Regulation of Slgnalmg Networks
Erc C. Greenwld® Sohum Mebia*'® and Jin Zhang"

Miyawaki et al., Proc. Notl. Acad. Sci. U. S. A. 1999, 96, 2135; Ghosh et al., J. Am. Chem. Soc. 2000, 122, 5658; Kerppola, Chem. Soc. Rev. 2009, 38, 2876; Nagai ef al., Proc. Natl. Acad. Sci. U. S. A. 2001, 98, 3197; Nakai et al., Nat,

Martin et al. PLoS ONE, 2013, 8, e57712.

Biotechnol. 2001, 19, 137; Alford et al., Chem. Biol. 2012, 19, 353; Ding ef al., Nat Methods 2015, 12, 195
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Our goal: an intensiometric lactate biosensor Step 1: Screen insertion sites
N-LBP _: Screening of 70 different cpGFP
-:| insertion sites in loops
L-lactate N-LBP = residues 1 to X
P B cecFe K | C-LBP = residues X+1 to 361
— 4 »
{ v » Change in fluorescence +/- lactate (AF/Fo (%))
T T e ) Eﬂl'l"'l' | I et ,,III,I' . |.I
cpGFP  L-lactate-binding protein (LBP) EJI | ‘ || I|[I "I lll | ‘ || IIIIII Il I |I | |[ |"|I|I ”l ||
LBP = Periplasmic Calcium L-Lactate- "
Binding Protein (TTHA0766) from
Thermus thermophilus HB8 o
Yusuke Nasu (University of Tokyo) Insertion site (X)
Yusuke Nasu (University of Tokyo)
39 )

Step 2: Optimize linkers

° +/-0.8
X X g
o
5~
£+ 108variants ) —
E'/’/ Optimize _ Wavelength
9% this linker g +-1.2
{ v 5
g /
o.«
= ::/

T

Optimize

this linker < =

v Y

" "Wavelength

AFIFy (%)

Fluorescence

Wavelength

Yusuke Nasu (University of Tokyo)

Step 3: Directed evolution
4 v

T

DNA encoding prototype biosensor

The Nobel Prize in Chemistry
2018 was one half awarded to
Frances H. Arnold “for the
directed evolution of enzymes.”

*

Optimized, higher-performance biosensor

gene

library protein library

=
g@“
)

repeat - screening

et [t e

Allrl Tl
<l s/ e e
At/ e e

times ¥

- Larger fluorescence changes losers

- High folding efficiency GA se

- Brighter fluorescence ad

- Optimized ligand affinity G% ;
improved 7
“winners”




Step 3: Directed evolution
v

4

v
. o

DNA encoding prototype biosensor

87 . . ] gene 2 o
715 & Directed evolution ;4 acco1 lbrary + X protein library
B — . .
T ® (7 rounds in total) O 1= -
°|1E E T OEas . B
1E E : = =W >
‘g = = [ =] ¢ J ® o
o Q Q o, & e o>
44 = = % e .
42 2 5w 7oy
T ,l5 &5 Y = =% <
g 2 £ x '/n ' = =
21 —'T —'T M : screening
1-0 2 v 7 -, R
0 ; x v -, . | ”
200 400 600 800 gy losers
i ; 2 ¥ .
iLACCO variants tested e =
T
improved <l
“winners”

Yusuke Nasu (University of Tokyo)

ILACCO1.1 (optimized for extracellular L-lactate) ’

Llactate

>

]

=

Ky= 14mM

I'I_I Extracellular side

Intracellular side

v Tuned affinity to respond to
extracellular concentration range

v Glycophosphatidylinositol (GPI)
anchor for extracellular display

v Optimized linker between GPI anchor
and biosensor

v Non-lactate binding control version

Yusuke Nasu with Qi Dong (University of Tokyo)

Hela cells + 10 mM L-lactate

ILACCO1 crystal structure

X-ray crystal structure of iLACCO1

Kq= 96 uM

AFIFy ~6

| + L-lactate

Fluorescence

/- L-\actat‘;'\
B Unfortunately, L-lactate binding is [Ca2+]-dependent, so
iLACCO1 does not work intracellularly. Fortunately, our aim

was to image L-lactate extracellularly, where [Ca2+] is high.

o Wavélen'gthA

Yusuke Nasu with Shuce Zhang and Dr. Yurong Wen in lab of Dr. Joanne Lemieux (Alberta)

RieddetispBetten!

Advantages of red-shifted biosensors

Imaging deeper in non-transparent animals
Less phototoxicity for long-term observations
Multicolour, multi-parameter imaging

Use with optogenetic stimulation (e.g., ChR2)




Redder is better (for imaging deeper into tissue) ’

Relative absorbance

0.1

0.01

1P excitation 2P excitation
— .

L — F

Near-infrared window (~650
nm ~ 1350 nm)

— Y Deoxygenated blood
—] /
Oxygenated blood
T T T T
400 600 800 1000 1200 1400

Wavelength (nm)

The near-infrared window is
the range of wavelengths in
which tissue is most
transparent to light.

Scattering of light by tissue
decreases with increasing
wavelength.

Ideally, neural activity
biosensors (Ca2+, voltage, etc.)
would absorb and fluoresce in

this region

Adapted from omlc.org

Redder is better (for imaging deeper into tissue) ’

1P excitation
—

2P excitation

0.1

Relative absorbance

0.01

/
Oxygenated blood

Near-infrared window (~650
nm ~ 1350 nm)

Deoxygenated blood

/

T
600

400

Aequorea-

derived
FPs

T T
800 1000 1200 1400

Wavelength (nm)

The near-infrared window is
the range of wavelengths in
which tissue is most
transparent to light.

Scattering of light by tissue
decreases with increasing
wavelength.

Ideally, neural activity
biosensors (Ca2+, voltage, etc.)
would absorb and fluoresce in

this region

Adapted from omlc.org

Redder is better (for imaging deeper into tissue) 4

Relative absorbance

0.1

0.01

2P excitation

1P excitation
— )

— N N
Near-infrared window (~650
nm ~ 1350 nm)

. Deoxygenated blood

Oxygenated blood

600 800 1000
Wavelength (nm)

1200

1400

Aequorea-

Coral-derived
derived yellow/orange/

FPs

red FPs

7

The near-infrared window is
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Shu et al., Science 2009, 324, 804 (IFP1.

Filonov et al., Nat. Biotechnol. 2011, 29, 757 (iRFP); Yu et al., Nat. Methods 2015, 12, 763 (mlFP);|

Rodriguez et al. Nat. Methods 2018, 13, 763 (smURFP); Kumagai ef al., Cell 2013, 153, 1602 (UnaG); Buckley et al., Curr. Opin. Chem. Biol. 2015, 27, 39 (iLOV).
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Engineering of red Ca2+ biosensors

Improved
performance
R-CaMP2
JjRGECO1a
XCaMP-R

Rational engineering &
directed evolution

2011 - 2019 New colors

0O-GECO
/V

CAR-GECO
REX-GECO

Affinity tuning for
ER and mito
LAR-GECO
R-CEPIAter

~

R-GECO1
Ca?+ biosensor

and others...

However, we have found some problems
with this particular red FP domain...

Zhao et al., Science 2011, 333, 1888 (R-GECO1); Wu et al., ACS Chem. Neurosci. 2013, 4, 963 (0-GECO, R-GEC01.2); Wu et al., Nat Commun 2014, 5, 5262 (RE)(:G[(O);
Wo et ., Biochem. J. 2014, 464, 13 (LARGECO); Ohkura et al., PLoS ONE 2012, 7, ¢39933 (R-CaMP1.07); Inoue et ., Nat Methods 2015, 12, 64 (R-CaMP2);
Suzuki et al., Nat Commun 2014, 5, 4153 (R-CEPIAer); Dana et al. elife 20186, 5, e12727 (jRCaMP1ab, jRGECO1a); Inoue et al., Cell 2019, 177, 1346 (XCaMP-R).

Converting other biosensors from green to red

“Transplanting” red FP FlicR1 R-iGluSnFR1

domain of R-GECO1 into
existing green biosensors

Plus a growing selection of red FP
biosensors from other labs...

165 mAppie 1a6-231 ]

MalLionR ATP
biosensor

[*Aopie 1-145 | Zapt
ZnRed Zn2+ biosensor

Pink Flamindo cAMP biosensor

Jin et al., Neuron 2012, 75, 779 (Arclight); Abdelfattah et al., J. Neurosci. 2016, 36, 2458 (FlicR1); Marvin et al., Nat. Methods 2013, 10, 162 (iGluSnFr);
W et al., ACS Chem. Biol., 2018, Article ASAP (R-iGluSnFR1); Chen and Ai, Anal. Chem. 20186, 88, 9029 (ZnRed); Harada et al., Sci. Rep. 2017, 7, 7351 (Pink Flamindo); Arai et al., Angew. Chem. IE 2018, 57, 10873 (MaLionR).

K-GECO1: an improved red Ca2+ biosensor

...and recently we've made a
highly red shifted variant

... which led us to develop a new biosensor
based on an improved fluorescent protein
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Yi Shen

Shemiakina et al., Nat. Commun. 2012, 3, 1204 (mKate2 variant FusionRed); Shen et al., BMC Biology 2018, 16, 9 (K-GECO1).
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Shu et al, Science 2009, 324, 804 (IFP1.4) Filonov et al., Nat. Biotechnol. 2011, 29, 757 (IRFP); Yu et o, Nat. Methods 2015, 12, 763 (mIFP)
Adapted from omlc.org Rodriguez et al. Not. Methods 2016, 13, 763 (smURFP); Kumagai et al, Cell 2013, 153, 1602 (UnaG); Buckley et a., Curr. Opin. Chem. Biol. 2015, 27, 39 (iL0v),

infrared FPs

Engineering a NIR Ca2+ biosensor mIFP-derived NIR-GECO1
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Yu et al., Nat. Methods 2015, 12, 763 (mIFP); Qian et al., Nat. Methods, 2019, 16, 171 (NIR-GECO1). Yu et al., Nat. Methods 2015, 12, 763 (mIFP); Qian et al., Nat. Methods, 2019, 16, 171 (NIF&RE@1Ys
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Multi-colour & multi-parameter imaging :
Redder is Better!
Pink Flamindo NIR-GECO1 AKAR4
NIR-GECO1 ocan
(Cax) ===
(cAMP) 208 i 7 2 0.3 TEA 0.6
S - - 32
tow FRET high FRET g 02 04 % G’;
& = o Y dvantages of NIR-GECO1
. .. | 80, 30 . s :
?P':Ao:{;n &L — § 25 1 Imaging deeper into tissue
kinase ) "0 W) s i g o0 . 00 s [ Multicolour imaging
i ol T camp | = B’Use with optogenetic actuators
Sohum Mehta and Jin Zhang

Yu et al., Nat. Methods 2015, 12, 763 (mIFP); Qian et al., Nat. Methods, 2019, 16, 171 (NIR-GECO1).
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Progress towards NIR-GECO2 Summary of single FP-based biosensors
8 1o “Redder is better”
. § NIR-GECO1.X - Growing selection of RFP-derived
ngher e = NIR-GECO1 biosensor.
affinity < o] - mIFP-derived NIR-GECO1 is 1st
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2 0ot—rrrmr Y - ™ GECO1+ with improved
(Ca"l (M) sensitivity for in vivo imaging.
~ ==
=]
Brighter < iLACCO1.1 lactate biosensor
ghte ;é, - iLACCO1.1 is a 1st generation single FP-based biosensor for
~2x % " extracellular lactate
S Spontaneous neuronal spiking in dissociated neurons - Future: Imaging of lactate released by astrocytes and new
Lo T expressing NIR-GECO1.X biosensors for intracellular lactate imaging.
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N & g Ed Bovden Kirvl Piatkevich % Genes from www.addgene.org/Robert_Campbell
Yong Qian and Kiryl Piatkevich Te Boyden, Byl Hiatkevie % Contact: campbell@chem.s.u-tokyo.ac.jp or robert.e.campbell@ualberta.ca
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Summary

gFluorescent proteins (FPs)
MOther fluorophore technologies
MSingIe FP-based biosensors

Take-home messages:

1. Despite “optimization” no one FP or biosensor is ideal by all criteria, and it is typically
impossible to predict which one will work best in a new application.

2. Irecommend trying 2-3 different FPs or biosensors (from different species), and

determining which one is best under your experimental conditions. 4

3. All other factors being the same, redder is better. S ' -
‘Assistant Professor UNIVERSITY OF

- _1_ ﬁ%&lsukeuasu wl.o) 7 ALBERTA

4. There is a growing selection of intensiometric single FP-based biosensors, and methods
for developing new ones are becoming increasingly well-established.
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