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Prasher, et al. Gene 1992, 229-233.




Aequorea victoria green-fluorescent protein (jellyfish)

Formation (maturation) of GFP’s chromophore
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Ser65 Tyr66 Gly67

Chromophore dehydration 11
Threonine (flycine Z
Special linkage o % oxidation o -
- 238 aa (26.9 kDa) o o e
« 720 bp - - .
fluorescent .
imidazolidin-5-one
¢ Excitation: 488 nm
¢ Emission: 509 nm
* Quantum yield: ~0.79 Tsien Annu. Rev. Biochem. 1998, 509-544

Chemical environment of the chromophore is crucial fro:

» wavelenght
« intensity (QY)
« stability (bleaching)

Tsien Annu. Rev. Biochem. 1998, 509-544

Entacmaea quadricolor red-fluorescent protein (sea anemone)
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238 aa (26.9 kDa)
e 720 bp

* Excitation: 587 nm
¢ Emission: 610 nm
* Quantum yield: ~0.79
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Chromophores of common FP mutants
Chromophores of common FP mutants
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EGFP is a humanized version of GFP
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Table 1 | Properties of the best FP vriants®® S : GFP variant relative to wtGFP
Class Protein mm'"’ m;'"”"‘ m’)'w Brightness®  Photostability'  pKa  Oligomerization EGFP ¥ F64L, S65T
Emerald * F64L, S65T, S72A, N149K, M153T, 1167T
EYFP * $65G, V68L, S72A, T203Y
myFp ** S65G, V68L, Q69K, S72A, T203Y, A206K
Citrine ™" $65G, V68L, Q69M, S72A, T203Y
onte ; mCitrine " S65G, V68L, Q69M, 5724, T203Y, A206K
Tsien (4) 548 562 49 90 Manomer Venus * FA6L, F64L, S65G, V68L, S72A, M153T, V163A, 5175G, T203Y
MK MBL Intl. (10) 548 559 a1 122 Monomer YPet F46L, 1471, F64L, S65G, S72A, M153T, V163A, 5175G, T203Y, S208F, V224L, H231E, D234N
Yellow-green meitrine! Tsien (16,23) 516 529 59 49 57  Monomer
Venus Miyawaki (1) 515 528 53" 15 6.0  Weak dimer ECFP F64L, S65T, Y66W, N1491, M153T, V163A
YPet? Daugherty (2) 517 530 80" 49 56  Weakdimer mCFP % F64L, S65T, Y66W, N149), M153T, V163A, A206K
EYFP Invitrogen (18) 514 ser 51 60 6.9  Weak dimer Cerulean™ F64L, S65T, Y66W, S72A, Y145A, H148D, N1491, M153T, V163A
Green Emerald® Invitrogen (18) 487 509 39 0.69* 60  Weak dimerl CyPet T9G, V111, D19E, F64L, S65T, Y66W, AB7V, N1491, M153T, V163A, 1167A, E172T, L194]
EGFP Clontech! 488 507 u 174 60  Weakdimer!
Oyan Cypet Daugherty (2) 43 4an 18 59 50  Weak dimerl EBFP ° F64L, S65T, Y66H, Y145F
mCFPm™ Tsien (23) 43 475 13 64 47 Monomer
Cerulean® Piston (3) 433 475 or 36 47  Weak dimerl T-Sapphire Q69M, C70V, S72A, Y145F, V163A, $175G, T2031
(UV-ecitablegreen  T-Sapphire?  Griesbeck (6) 39 511 26" 25 49 Weakdimed
Shaner, Steinbach, Tsien Nature Methods. 2005, 2, 905-909 Shaner, Steinbach, Tsien Nature Methods. 2005, 2, 905-909
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where do we go from here?

Could we use GFP as protein-protein interaction reporter?

%ﬂ cut R@ denature

add peptide
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Could we use GFP assembly as proximity detection?
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Kent, Childs, Boxer J. Am. Chem. Soc. 2008, 9664-9665
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Tripartite fluorescent protein reporter of protein interactions
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Campbell Curr. Opin. Chem. Biol. 2015, 27, 10
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_Fluoresoenl protein-based activity integrator (CaMPARI)

— no photoconversion
400 nm

]l‘ Ca?‘
photoconversion

& o "W to red fluorescent form
nm

Dimerization-dependent fluorescent proteins (ddFPs)
ddFPs with red A-copy (RA) and dark B-copy (B)

50— @8

Campbell Curr. Opin. Chem. Biol. 2015, 27, 10

Fluorescent protein exchange biosensing strategy (FPX)
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Campbell Curr. Opin. Chem. Biol. 2015, 27, 10
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2. FRET
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FRET: measuring conformational
changes of (single) biomolecules
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2. FRET

Foérster resonance energy transfer — A spectroscopic nanoruler

Energy transfer

light light
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Spectroscopic Ruler for measuring nm-scale distances

2. FRET

Fortser Resonance Energy Transfer

Energy transfer

light light
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2. FRET

Fortser Resonance Energy Transfer

Energy transfer

light light

v

or
quenching of light
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FRET efficiency, E, as a function of inter-dye distance (R).
The Forster distance, Ro, is the distance for 50% transfer (at R = Ro, E = 0.5).

2. FRET

Fortser Resonance Energy Transfer
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FRET efficiency, E, as a function of inter-dye distance

08 (R) for a RO = 50 A. Donor dye directly excited with

High FRET (close proximity of dyes)

o6} incident laser either fluoresces or transfers energy to
W acceptor dye, depending upon its proximity. At R = RO,
04 F E = 0.5, but at smaller distances, it is >0.5 and vice
o2l Low FRET (distant ) versa, according to the function shown by the blue line.
Notice the linearity of the E values adjacent to RO.
0

A
12 16 20
Time (s)
Acceptor photoblinking Acceptor photobleaching

23

24




2. FRET

Distance groater than 10 nm =

NO FRET

FRET is useful because Ro (2-8 nm) is often ideal

Intramolecular studies -~

Intermolecular studies

2. FRET

Common fluorescent protein FRET biosensor strategies

* Kinetics of activation

* Dissocation / proteolysis

‘ Protease

Cleavage g l
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FRET ~ (d) NoFRET

25

2. FRET

Requirements for a good FRET pair

» Maximal overlap of donor emission and acceptor excitation

» Minimal excitation of the acceptor at the excitation maximum of
the donor

ExcitationTmission signal (a.)
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2. FRET
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(Ry)® « k>®pJ(A)n™*

Forster Distance (Ro)

Along Ro can cause a high FRET efficiency. Based on Forster's analysis, Ro is a function of
quantum yield of the donor chromophore ®D, spectral overlap of donor and acceptor J(A),
directional relationship of transition dipoles k2 and the refractive index of the medium n.

Table 1: Forster of diffe d pairs.
Donor Acceptor Forster distance (Rg, nm)
Naphthalene Dansyl 22
LY TNP-ATP 3.5
Dansyl ODR 43
LY EM 53
FITC EM 6.0
BPE CY5 7.2
Abbreviations: BPE, B-phycoerythrin; CY5, carboxymethylindocyanine; Dansyl, just dansyl group; EM, eosin maleimide;
FITC, fluorscein-5-isothiocyanate; LY, Lucifer yellow;ODR, octadecylrhodamine; TNP-ATP, trinitrophenyl-ATP.

Table 1 | Comparison of single-molecule FRET dyes

Excitation Emission Photostability (s)?

Dye Apax (nm) Apmax (nm) Brightness®  (in Trolox or BME)
Donors Cy3 550 565 1.0 91/50
Atto550 554 577 1.9 72/27¢
Alexa555 555 567 0.8 65/35
Acceptors Cy5 655 667 1.0 82/25
ATTO647N 644 664 13 62/31
Alexa647 650 667 1.2 58/20¢

“Intensity at emission A, compared to Cy3 for donors (excitation at 532 nm) and compared to Cy5 for acceptors (excitation at 633 nm)
while conjugated to DNA under same excitation power. "Average photobleaching time constant in 10 mM Tris-HCL (pH 8.0), 50 mM NaCl,
oxygen-scavenging system with 2 mM Trolox or 142 mM BME at 200 W/cm? continuous wave incident excitation (532 nm or 633 nm) tethered
to BSA-biotin surface. Corresponding dye pairs (Cy3-Cy5, R = ~60 A%5; Atto550 - Atto647N, R,~65 A (alist of Ry values for various Atto:dye
FRET pairs is available at http://www.atto-tec.com/ATTO-TEC.com/Products/documents/R(0)-Values.pdf); Alexa555-Alexa647, Ry =~51 A
(Haugland, R. Handbook of F e Probes and Research Products, 9th edn., Molecular Probes; 2002) are labeled on duplex DNA with a
15-base-pair separation. “Dye displays severe dark state formation (blinking) in this solution condition.

NATURE METHODS | VOL.5 NO.6 | JUNE 2008 | 509
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Orientation of transition dipole influence the transfer’s efficiency
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Unzipping mystery of helicases

Active S
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Helicases separate (unzip) two DNA strands. Very fleeting transient intermediates can be
measured during unzipping using single molecule techniques.

Bustamante et al. Nature 2006
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Functional domains of FRET-based kinase activity reporter
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High Kinase
Activity

Low Kinase

YFP 0 min. Agonist 5 min. 10 min. 15 min. Activity

Zhang, Allen Mol. Biosyst. 2007, 759

Limitations of FRET

FRET provides an efficient way to measure the distance between a donor and an acceptor
chromophore.

The energy transfer efficiency is highly influenced by the ratio of R and RO because of the
exponent 6. Thus, by measuring the FRET efficiency, one can easily get the precise distance
between the donor and the acceptor. If choosing the donor and acceptor properly, this
experiment can also be carried out in vivo.

FRET only gives the information about distances. If a dramatic conformational change
happens, such as lengthening or kink, it is unable to know the exact movement of donor and the
acceptor.

Besides, attaching the chromophores to precise sites of a macromolecule is also important,
both in quantity of chromophores and in position of a macromolecule, or the FRET might
produce noise signals.
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