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Fluorescent proteins (FPs) 
Other fluorophore technologies 
Single FP-based biosensors
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microscopy of 
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No molecular 
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Fluorescence	microscopy	requires	fluorophores	
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Fluorescein 
(FITC)

Tetramethylrhodamine  
(TRITC)

Non-natural fluorophores made by chemical synthesis

ϕ = quantum yield 
ε = extinction coefficient 
Brightness ~ ϕ * ε 

i.e., for fluorescein 
ϕ = 0.92 
ε = 73,000 M-1cm-1

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

A non-natural fluorophore 
must be chemically linked to 

a protein of interest…

Getting	non-natural	fluorophores	into	a	cell
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Trends Bioch. Sci., 1984, 9, 88-91. 

…and then 
manually injected 
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Chemically labeled proteins of interest
Microinjection with 

micropipet
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Some	sea	creatures	make	natural	fluorophores
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Some natural fluorophores are genetically encoded proteins  
and can be transplanted into cells as DNA!

Fluorescent

Fluorescent

Bioluminescent



The	discovery	of	a	protein	fluorophore

Shimomura et al., J. Cell. Comp. Physiol. 1962, 59, 223.
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Extraction, Purification and Properties of Aequorin, 
a Bioluminescent Protein from the Luminous 
Hydromedusan, Aequorea’ 

OSAMU SHIMOMUFL4,2 F U N K  H.  JOHNSON AND YO SAIGA 
Department of Biology, Princeton University, Princeton, New Jersey, 
and the Friday Harbor Laboratories, University of Washington, 
Friday Harbor, Washington 

In experiments that have become classic 
in bioluminescence, Dubois (1885, 1887), 
first prepared from a luminous elaterid, 
Pyrophorus, and a luminous clam, Pholas, 
respectively, crude extracts containing a 
substrate, luciferin, and an  enzyme, luci- 
ferase, which luminesced on mixing in 
aqueous solution containing dissolved oxy- 
gen. In the years that have followed, ef- 
forts have repeatedly been made to sepa- 
rate functionally similar components from 
numerous other, divers types of luminous 
organisms (Harvey, ’52; ’55). Although 
the majority of these efforts proved un- 
successful, about a dozen biologically spe- 
cific, chemically different luciferin-lucif er- 
ase systems have by now been obtained in 
varying degrees of purification (Johnson, 
Sie and Haneda, ’61). The present inves- 
tigation has resulted in the discovery of a 
new type of luminescent system, differing 
from those hitherto extracted in being 
comprised of a single organic component, 
with the properties of a protein. In aque- 
ous solution either devoid of, or saturated 
with, oxygen, this protein gives a light- 
emitting reaction on addition of Ca++. 
With the procedures employed, nearly 
10,000 individual specimens of the hydro- 
medusan, Aequorea, yielded about 5 mg of 
the highly purified, active substance which 
we have named “Aequorin” (Shimomura, 
Johnson and Saiga, ’62). 

While certain aspects of the phenome- 
non of luminescence in medusae have 
long been known, the biochemistry in- 
volved has remained very much of an 
enigma. As early as the first century, 
Pliny (cf. Harvey, ’57) described the light 
of “Pulmo Marinus,” evidently Pelagia 

noctiluca, and observed that luminous 
slime from the bell could be rubbed onto 
various surfaces making them glow as if 
on fire. Spallanzani (1794, 1798) noted 
that luminescence of this organism con- 
tinued after death, and that a dark, almost 
liquefied specimen luminesced on addition 
of fresh water. At the turn of the nine- 
teenth century, von Humboldt (1799- 
1804; cf. von Humboldt, 1853) and 
Macartney (1810) found that lumines- 
cence of medusae could be elicited by elec- 
trical stimuli, a phenomenon that has only 
recently been investigated from a modern 
viewpoint (Davenport and Nicol, ’55; 
Nicol, ’60). Macartney (1810) also found 
that no diminution in luminescence could 
be detected in a vacuum, as compared to 
aerobic conditions. The lack of a free 
oxygen requirement for luminescence was 
convincingly demonstrated by Harvey (‘26; 
Harvey and Korr, ’38), not only for med- 
usae but also radiolarians and ctenophores. 
Luminescence under strictly anaerobic 
conditions, however, is an unusual feature 
among the various types of luminescent 
systems now known (Harvey, ’52; ’55). 

Though unsuccessful in attempts to ob- 
tain a luciferin - luciferase reaction with 
extracts of Aequorea, Harvey (’21) found 
that the photogenic tissues dried over 
CaCL would luminesce when moistened. 
Moreover, strips of the margin of the um- 
brella, where the photogenic organs are 
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respect from the greenish luminescence of 
the whole organism or fresh squeezates.a 
The light-emitting potency was calculated 
to be 42,500 L.U./mg, which is equivalent 
to the total light of 6.6 pg of Cypridina 
luciferin whose molecular weight is 469 
(Hirata, Shimomura and Eguchi, '59). 

Ultraviolet absorption spectrum 
Except for a slight bulge at 310 mw, the 

ultraviolet absorption spectrum (fig. 3) is 
similar to that of simple proteins, with a 
peak at 280 mp. After the luminescent re- 
action the bulge at 310 mw disappears and 
a new absorption maximum shows up at 
333 mu. 

Requirement of Cu++ for lumines- 
cence, and effects of other 

cations 
The calcium requirement has been re- 

ferred to above. Thirteen other cations in 
the form of salts of chloride, sulfate or 
acetate were tested for a possible activat- 

ing effect in the luminescent recation by 
adding 5 ml of 0.01 M salt solution to 
0.05 ml of aequorin in 0.01 M EDTA-2Na 
solution at pH 6.0. Among them, no acti- 
vation was found with ions of magnesium, 
barium, potassium, ammonium, zinc, co- 
balt, manganese, ferric or ferrous iron, 
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. 

In regard to calcium, the influence of 
concentration is illustrated by the data 
shown in figure 4,(A). When the concen- 

3 A protein giving solutions that look slightly green- 
ish in sunlight though only yellowish under tungsten 
lights, and exhibiting a very bright,. greenish fluores- 
cence in the ultraviolet of a Mmerapte, has also been 
isolated from squeezates. No mdicatlons of a lummes. 
cent reaction of this sustance could be detected. 
Studies of the ern!ssion spectra of both this protem 
and aequorin are m progress. 

Fig. 3 Ultraviolet absorption spectra of aequorin (A), the product of the luminescent 
reaction (B),  and the product of the reaction between aequorin and NaHS03 (C). The con- 
centration of aequorin used for curve A was 0.41 mg/ml by dry weight; for curve B, 20 pl 
of 8% Ca(CH3C00)2Hz0 solution were added to a 3 ml portion of aequorin solution to 
complete the luminescent reaction; for Curve C, 10 pl of 10% NaHSOs solution were added 
to a 1 ml portion of aequorin solution. 
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ties; the evidence is not conclusive. 

In regard to calcium, the influence of 
concentration is illustrated by the data 
shown in figure 4,(A). When the concen- 

3 A protein giving solutions that look slightly green- 
ish in sunlight though only yellowish under tungsten 
lights, and exhibiting a very bright,. greenish fluores- 
cence in the ultraviolet of a Mmerapte, has also been 
isolated from squeezates. No mdicatlons of a lummes. 
cent reaction of this sustance could be detected. 
Studies of the ern!ssion spectra of both this protem 
and aequorin are m progress. 

Fig. 3 Ultraviolet absorption spectra of aequorin (A), the product of the luminescent 
reaction (B),  and the product of the reaction between aequorin and NaHS03 (C). The con- 
centration of aequorin used for curve A was 0.41 mg/ml by dry weight; for curve B, 20 pl 
of 8% Ca(CH3C00)2Hz0 solution were added to a 3 ml portion of aequorin solution to 
complete the luminescent reaction; for Curve C, 10 pl of 10% NaHSOs solution were added 
to a 1 ml portion of aequorin solution. 

The	discovery	of	a	protein	fluorophore

Shimomura et al., J. Cell. Comp. Physiol. 1962, 59, 223.
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Shimomura isolated and, 
over decades, performed 
extensive studies on this  
Green Fluorescent 
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action the bulge at 310 mw disappears and 
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Requirement of Cu++ for lumines- 
cence, and effects of other 

cations 
The calcium requirement has been re- 

ferred to above. Thirteen other cations in 
the form of salts of chloride, sulfate or 
acetate were tested for a possible activat- 

ing effect in the luminescent recation by 
adding 5 ml of 0.01 M salt solution to 
0.05 ml of aequorin in 0.01 M EDTA-2Na 
solution at pH 6.0. Among them, no acti- 
vation was found with ions of magnesium, 
barium, potassium, ammonium, zinc, co- 
balt, manganese, ferric or ferrous iron, 
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. 

In regard to calcium, the influence of 
concentration is illustrated by the data 
shown in figure 4,(A). When the concen- 

3 A protein giving solutions that look slightly green- 
ish in sunlight though only yellowish under tungsten 
lights, and exhibiting a very bright,. greenish fluores- 
cence in the ultraviolet of a Mmerapte, has also been 
isolated from squeezates. No mdicatlons of a lummes. 
cent reaction of this sustance could be detected. 
Studies of the ern!ssion spectra of both this protem 
and aequorin are m progress. 

Fig. 3 Ultraviolet absorption spectra of aequorin (A), the product of the luminescent 
reaction (B),  and the product of the reaction between aequorin and NaHS03 (C). The con- 
centration of aequorin used for curve A was 0.41 mg/ml by dry weight; for curve B, 20 pl 
of 8% Ca(CH3C00)2Hz0 solution were added to a 3 ml portion of aequorin solution to 
complete the luminescent reaction; for Curve C, 10 pl of 10% NaHSOs solution were added 
to a 1 ml portion of aequorin solution. 

30	years	later,	the	gene	for	GFP	was	cloned	by	Prasher

Shimomura et al., J. Cell. Comp. Physiol. 1962, 59, 223; Prasher et al., Gene 1992, 111, 229.
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Primary structure o f  the Aequorea victoria green-fluorescent protein 

(Bioluminescence; Cnidaria; aequorin; energy transfer; chromophore; cloning) 
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SUMMARY 

Many cnidarians utilize green-fluorescent proteins (GFPs) as energy-Wansfer accepters in bioluminescence. GFPs flu- 
oresce in vivo upon receiving energy from either a luciferase-oxyluciferin excited-state complex or a Ca 2 + -activated pho- 
toprotein. These highly fluorescent proteins are unique due to the chemical nature of their chromopho~'e, which is comprised 
of modified amino acid (aa) residues within the polypeptide. This report describes the cloning and sequencing of both cDNA 
and genomic clones of GFP from the cnidarian, Aequorea victoria. The gfplO cDNA encodes a 238-aa-residue polypeptide 
with a calculated Mr of 26 888. Comparison of A. victoria GFP genornic clones shows three different restriction enzyme 
patterns which suggests that at least three different genes are present in the A. victoria population at Friday Harbor, 
Washington. The gfp gene encoded by the AGFP2 genomic clone is comprised of at least three exerts spread over 2.6 kb. 
The nucleotide sequences of the cDNA and the gene will aid in the elucidation of structure-function relationships in this 
unique class of proteins. 

INTRODUCTION 

Luminescence is common in a variety of marine inver- 
tebrates. Many cnidarians and probably all ctenophores 
emit light when mechanically disturbed. Proteins respon- 
sible for bioluminescence from several species of these two 

Correspondence to: Dr. D.C. Prasher, Redfield Bldg., Woods Hole Oceano- 
graphic Institution, Woods Hole, MA 02543 (U.S.A.) 
Tel. (508)457-2000, ext. 23 i I; Fax (508)457-2195. 

Abbr~.wiations: A., Aequorea; aa, amino acid(s); bp, base pair(s); GFP, 
grecn-fluorescent protein; gfp, DNA or RNA encoding GFP; kb, kilo- 
base(s) or 1000 bp; nt, nucleofide(s), oligo, oligodenxyribonucleofide; 
ORFo open reading frame(s). 

phyla have been characterized. Light from luminescent cni- 
daria is primarily green whereas light emitted from cteno- 
phores is blue. The green light of cnidaria is due to the 
presence of a class of proteins called green-fluorescent pro- 
reins (GFPs). They are highly fluorescent and are activated 
in vivo by an energy transfer process via a luciferase or a 
Ca2+-activated photoprotein, both of which produce en- 
ergy during the oxidation of coelenterate-type luciferin. In 
the cnidarian Aequorea, the photoprotein aequorin excites 
the GFP by an unknown mechar6sm to release green light. 
Previous studies suggesting that Aequorea GFP is stimu- 
lated via a radiationless mechanism (Mofise etal., 1974) 
have been questioned (Ward, 1979). The GFP from Re- 
nilla, another cnidarian, on the other hand, clearly receives 
energy from the Renilla luciferase-oxyluciferin excited state 

1962 - 1992

Aequorea	jellyfish	green	fluorescent	protein

Shimomura, FEBS Lett. 1979, 104, 220; Ormö et al., Science 1996, 273, 1392; Tsien, Annu. Rev. Biochem. 1998, 67, 509; 
 http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2008/
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mammalian	cells	
with	GFP-labeled	

end-binding	
protein	3	(EB3)

gene	of	
interest

Typical	live	cell	imaging	using	GFP

Movie and image from Michael W. Davidson; Microtubule schematic from Nakamura et al., PLoS ONE, 2012, 7(12), e51442 
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fluorescent	
protein	gene				

Natural	FP	color	variants	in	coral	and	anemone

Matz et al., Nat. Biotechnol. 1999, 17, 969; Henderson & Remington, Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 12712; Remington et al., Biochemistry 2005, 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.

cyan	FP	from	
Clavularia	sp.

yellow	FP	from	
Zoanthus	sp.

orange	FP	from	
Fungia	concinna	

red	FP	from	
Discosoma	sp.
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RFP	and	GFP	have	similar	chromophores

Shimomura, FEBS Lett. 1979, 104, 220; Gross et al., Proc. Natl. Acad. Sci. U. S. A. 2000, 97, 11990.
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Nature has generously provided us with a  
variety of genetically encoded fluorophores 

However, ideal for jellyfish and coral ≠ ideal for research, 
so we must engineer fluorescent proteins to suit our needs! 

The 'ideal' 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
�18

gene library

insert in plasmid & 
transform E.coli

isolate plasmid, 
express gene, 
characterize 
protein pick it

error-prone PCR 
amplification

repeat with winners

fluorescent protein gene

design and rational 
modification

Rational 
engineering 

Directed 
evolution

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

find the  
improved one

???

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

Early	examples	of	engineered	GFP	variants

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; Ormö et al., Science 1996, 273, 1392.
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A	palette	of	monomeric	fluorescent	proteins

Campbell et al., Proc. Natl. Acad. Sci. U. S. 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.
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protein engineering

dimer         monomer      brighter

Aequorea GFP

DsRed DsRed-derived 
(mFruit) series

Nathan Shaner and Paul Steinbach

GFP-derived series



Fluorescent	proteins	that	are	not	homologs	of	GFP

Kumagai et al., Cell 2013, 153, 1602 (UnaG)
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NH HN

NH HN

O O

COOHHOOC

Four	classes	of	fluorescent	protein

Shu et al., Science 2009, 324, 804 (IFP1.4); Filonov et al., Nat. Biotechnol. 2011, 29, 757 (iRFP); Yu et al., Nat. Methods 2015, 12, 763 (mIFP);  
Rodriguez et al. Nat. Methods 2016, 13, 763 (smURFP); Kumagai et al., Cell 2013, 153, 1602 (UnaG); Buckley et al., Curr. Opin. Chem. Biol. 2015, 27, 39 (iLOV).
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Fluorescent proteins (FPs) 
Other fluorophore technologies 
Single FP-based biosensors

Types	of	fluorophores
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Cells build many complex molecular machines that perform the biological jobs needed for life. Some of these machines
are molecular scissors that cut food into digestible pieces. Others then use these pieces to build new molecules when
cells grow or tissues need to be repaired. Some molecular machines form sturdy beams that support cells, and others are
motors that use energy to crawl along these beams. Some recognize attackers and mobilize defenses against infection.

Researchers around the world are studying these molecules at the atomic level. These 3D structures are
freely available at the Protein Data Bank (PDB), the central storehouse of biomolecular structures. A few 
examples from the ~100,000 structures held in the PDB are shown here at a magnification of about
3,500,000 times, with each atom represented as a small sphere. The enormous range of molecular sizes is
illustrated here, from the water molecule (H2O) with only three atoms (shown at the left) to the ribosomal
subunits with hundreds of thousands of atoms.

Hormones: carrying molecular
messages through blood
15. Glucagon 1gcn
16. Insulin 2hiu
17. Epidermal Growth Factor 1egf

Channels, Pumps and Receptors: getting
back and forth across the membrane

Photosynthesis: 
harvesting 
energy from 
the sun
27. Photosystem II 

1s5l
28. Light-harvesting 

Complex 1rwt
29. Photosynthetic 

Reaction 
Center 1prc

Energy Production: 
powering the processes 
of the cell

Viruses and Antibodies: engaging in 
constant battle in the bloodstream
13. Antibody 1igt 14. Rhinovirus 4rhv

Enzymes: cutting and joining the molecules of life 
39. Fatty Acid Synthase 2uvb, 2uvc
40. RuBisCo: Ribulose Bisphosphate 

Carboxylase/Oxygenase 1rcx
41. Green Fluorescent Protein 1gfl
42. Luciferase 2d1s
43. Glutamine Synthetase 2gls
44. Alcohol Dehydrogenase 2ohx
45. Dihydrofolate Reductase 1dhf
46. Nitrogenase 1n2c
47. Leucine Aminopeptidase 1lap
48. beta-Lactamase 4blm
49. Catalase 1qqw
50. Thymidylate Synthase 2tsc
51. Tryptophan Synthase 1wsy
52. Aspartate Carbamoyltransferase 4at1

53. Hexokinase 1dgk
54. Phosphoglucose Isomerase 1hox
55. Phosphofructokinase 4pfk
56. Aldolase 4ald
57. Triosephosphate Isomerase 2ypi
58. Glyceraldehyde-3-phosphate 

Dehydrogenase 3gpd
59. Phosphoglycerate Kinase 3pgk
60. Phospoglycerate Mutase 3pgm
61. Enolase 5enl
62. Pyruvate Kinase 1a3w

Storage: containing nutrients
for future consumption

Adenosine 
Triphosphate
(ATP)

Glucose

Water

Infrastructure: 
supporting and 
moving cells

Protein Synthesis: building
new molecular machines

DNA: storing and reading 
genetic information

67. Transfer RNA 4tna
68. Valyl-tRNA Synthetase 1gax
69. Threonyl-tRNA Synthetase 1qf6
70. Glutaminyl-tRNA Synthetase1euq
71. Isoleucyl-tRNA Synthetase 1ffy
72. Phenylalanyl-tRNA Synthetase 1eiy
73. Aspartyl-tRNA Synthetase 1asy
74. Ribosome 1j5e, 1jj2
75. Elongation Factor Tu/tRNA 1ttt
76. Elongation Factor G 1dar
77. Elongation Factor Ts and Tu 1efu
78. Prefoldin 1fxk
79. Chaperonin GroEL/ES 1aon
80. Proline cis/trans Isomerase 2cpl
81. Heat Shock Protein Hsp90 2cg9
82. Proteasome 4b4t
83. Ubiquitin 1ubq

84. DNA 1bna
85. Restriction Endonuclease 

EcoRI 1eri
86. DNA Photolyase 1tez
87. Topoisomerase 1a36
88. RNA Polymerase 2e2i
89. lac Repressor 1lbh 1efa
90. Cataabolite Gene Activator 

Protein 1cgp
91. TATA-binding Protein/

Transcription Factor IIB 1ais
92. DNA Helicase 4esv
93. DNA Polymerase 1tau
94. Nucleosome 1aoi
95. HU Protein 1p51
96. Single-stranded 

DNA-binding Protein 3a5u

63. Actin 1m8q
64. Myosin 1m8q
65. Microtubule1tub
66. Collagen 1bkv

(far left)

Digestive Enzymes: breaking food
into small nutrient molecules
1. Amylase 1smd
2. Phospholipase 1poe
3. Deoxyribonuclease 2dnj
4. Lysozyme 1lz1

5. Pepsin 5pep
6. Trypsin 2ptc
7. Carboxypeptidase 3cpa
8. Ribonuclease 5rsa

Blood Plasma Proteins: transporting nutrients
and defending against injury
9. Factor X 1xka, 1iod
10. Thrombin 1ppb

11. Fibrin 1m1j, 2baf
12. Serum Albumin 1e7i

18. Ras Protein 5p21
19. Beta2-Adrenergic Receptor/Gs Protein 3sn6
20. Acetylcholine Receptor 2bg9
21. Epidermal Growth Factor Receptor 

1ivo, 2jwa, 2gs6
22. Rhodopsin 1f88
23. P-glycoprotein 4m2t
24. Potassium Channel 3lut
25. Calcium Pump 1su4
26. Cyclooxygenase 1prh

38. Ferritin 1hrs

Extracellular Proteins Membrane Proteins

30. Cytochrome c Oxidase 
(Complex IV) 1oco

31. Cytochrome c 3cyt
32. Cytochrome bc1 

(Complex III) 1bgy
33. Succinate Dehydrogenase 

(Complex II) 1nek
34. NADH-Quinone Oxidoreductase 

(Complex I) 3m9s, 3rko
35. ATP Synthase 1e79, 1c17, 1l2p, 2a7u
36. Myoglobin 1mbd
37. Hemoglobin 4hhb
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e.g., Qdot nanocrystals fromThermoFisher
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antibody directly (dyes) 
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biotin (Qdots)

Typically 
expressed as 
a gene fusion 
with a protein 

of interest



Cells build many complex molecular machines that perform the biological jobs needed for life. Some of these machines
are molecular scissors that cut food into digestible pieces. Others then use these pieces to build new molecules when
cells grow or tissues need to be repaired. Some molecular machines form sturdy beams that support cells, and others are
motors that use energy to crawl along these beams. Some recognize attackers and mobilize defenses against infection.

Researchers around the world are studying these molecules at the atomic level. These 3D structures are
freely available at the Protein Data Bank (PDB), the central storehouse of biomolecular structures. A few 
examples from the ~100,000 structures held in the PDB are shown here at a magnification of about
3,500,000 times, with each atom represented as a small sphere. The enormous range of molecular sizes is
illustrated here, from the water molecule (H2O) with only three atoms (shown at the left) to the ribosomal
subunits with hundreds of thousands of atoms.
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Enzymes: cutting and joining the molecules of life 
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40. RuBisCo: Ribulose Bisphosphate 

Carboxylase/Oxygenase 1rcx
41. Green Fluorescent Protein 1gfl
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45. Dihydrofolate Reductase 1dhf
46. Nitrogenase 1n2c
47. Leucine Aminopeptidase 1lap
48. beta-Lactamase 4blm
49. Catalase 1qqw
50. Thymidylate Synthase 2tsc
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52. Aspartate Carbamoyltransferase 4at1

53. Hexokinase 1dgk
54. Phosphoglucose Isomerase 1hox
55. Phosphofructokinase 4pfk
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79. Chaperonin GroEL/ES 1aon
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81. Heat Shock Protein Hsp90 2cg9
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95. HU Protein 1p51
96. Single-stranded 

DNA-binding Protein 3a5u
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65. Microtubule1tub
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Digestive Enzymes: breaking food
into small nutrient molecules
1. Amylase 1smd
2. Phospholipase 1poe
3. Deoxyribonuclease 2dnj
4. Lysozyme 1lz1

5. Pepsin 5pep
6. Trypsin 2ptc
7. Carboxypeptidase 3cpa
8. Ribonuclease 5rsa

Blood Plasma Proteins: transporting nutrients
and defending against injury
9. Factor X 1xka, 1iod
10. Thrombin 1ppb

11. Fibrin 1m1j, 2baf
12. Serum Albumin 1e7i

18. Ras Protein 5p21
19. Beta2-Adrenergic Receptor/Gs Protein 3sn6
20. Acetylcholine Receptor 2bg9
21. Epidermal Growth Factor Receptor 

1ivo, 2jwa, 2gs6
22. Rhodopsin 1f88
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24. Potassium Channel 3lut
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Cells build many complex molecular machines that perform the biological jobs needed for life. Some of these machines
are molecular scissors that cut food into digestible pieces. Others then use these pieces to build new molecules when
cells grow or tissues need to be repaired. Some molecular machines form sturdy beams that support cells, and others are
motors that use energy to crawl along these beams. Some recognize attackers and mobilize defenses against infection.

Researchers around the world are studying these molecules at the atomic level. These 3D structures are
freely available at the Protein Data Bank (PDB), the central storehouse of biomolecular structures. A few 
examples from the ~100,000 structures held in the PDB are shown here at a magnification of about
3,500,000 times, with each atom represented as a small sphere. The enormous range of molecular sizes is
illustrated here, from the water molecule (H2O) with only three atoms (shown at the left) to the ribosomal
subunits with hundreds of thousands of atoms.

Hormones: carrying molecular
messages through blood
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Enzymes: cutting and joining the molecules of life 
39. Fatty Acid Synthase 2uvb, 2uvc
40. RuBisCo: Ribulose Bisphosphate 
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43. Glutamine Synthetase 2gls
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45. Dihydrofolate Reductase 1dhf
46. Nitrogenase 1n2c
47. Leucine Aminopeptidase 1lap
48. beta-Lactamase 4blm
49. Catalase 1qqw
50. Thymidylate Synthase 2tsc
51. Tryptophan Synthase 1wsy
52. Aspartate Carbamoyltransferase 4at1

53. Hexokinase 1dgk
54. Phosphoglucose Isomerase 1hox
55. Phosphofructokinase 4pfk
56. Aldolase 4ald
57. Triosephosphate Isomerase 2ypi
58. Glyceraldehyde-3-phosphate 
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59. Phosphoglycerate Kinase 3pgk
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67. Transfer RNA 4tna
68. Valyl-tRNA Synthetase 1gax
69. Threonyl-tRNA Synthetase 1qf6
70. Glutaminyl-tRNA Synthetase1euq
71. Isoleucyl-tRNA Synthetase 1ffy
72. Phenylalanyl-tRNA Synthetase 1eiy
73. Aspartyl-tRNA Synthetase 1asy
74. Ribosome 1j5e, 1jj2
75. Elongation Factor Tu/tRNA 1ttt
76. Elongation Factor G 1dar
77. Elongation Factor Ts and Tu 1efu
78. Prefoldin 1fxk
79. Chaperonin GroEL/ES 1aon
80. Proline cis/trans Isomerase 2cpl
81. Heat Shock Protein Hsp90 2cg9
82. Proteasome 4b4t
83. Ubiquitin 1ubq

84. DNA 1bna
85. Restriction Endonuclease 

EcoRI 1eri
86. DNA Photolyase 1tez
87. Topoisomerase 1a36
88. RNA Polymerase 2e2i
89. lac Repressor 1lbh 1efa
90. Cataabolite Gene Activator 

Protein 1cgp
91. TATA-binding Protein/

Transcription Factor IIB 1ais
92. DNA Helicase 4esv
93. DNA Polymerase 1tau
94. Nucleosome 1aoi
95. HU Protein 1p51
96. Single-stranded 

DNA-binding Protein 3a5u

63. Actin 1m8q
64. Myosin 1m8q
65. Microtubule1tub
66. Collagen 1bkv

(far left)

Digestive Enzymes: breaking food
into small nutrient molecules
1. Amylase 1smd
2. Phospholipase 1poe
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Cells build many complex molecular machines that perform the biological jobs needed for life. Some of these machines
are molecular scissors that cut food into digestible pieces. Others then use these pieces to build new molecules when
cells grow or tissues need to be repaired. Some molecular machines form sturdy beams that support cells, and others are
motors that use energy to crawl along these beams. Some recognize attackers and mobilize defenses against infection.

Researchers around the world are studying these molecules at the atomic level. These 3D structures are
freely available at the Protein Data Bank (PDB), the central storehouse of biomolecular structures. A few 
examples from the ~100,000 structures held in the PDB are shown here at a magnification of about
3,500,000 times, with each atom represented as a small sphere. The enormous range of molecular sizes is
illustrated here, from the water molecule (H2O) with only three atoms (shown at the left) to the ribosomal
subunits with hundreds of thousands of atoms.

Hormones: carrying molecular
messages through blood
15. Glucagon 1gcn
16. Insulin 2hiu
17. Epidermal Growth Factor 1egf

Channels, Pumps and Receptors: getting
back and forth across the membrane

Photosynthesis: 
harvesting 
energy from 
the sun
27. Photosystem II 

1s5l
28. Light-harvesting 

Complex 1rwt
29. Photosynthetic 

Reaction 
Center 1prc

Energy Production: 
powering the processes 
of the cell

Viruses and Antibodies: engaging in 
constant battle in the bloodstream
13. Antibody 1igt 14. Rhinovirus 4rhv

Enzymes: cutting and joining the molecules of life 
39. Fatty Acid Synthase 2uvb, 2uvc
40. RuBisCo: Ribulose Bisphosphate 

Carboxylase/Oxygenase 1rcx
41. Green Fluorescent Protein 1gfl
42. Luciferase 2d1s
43. Glutamine Synthetase 2gls
44. Alcohol Dehydrogenase 2ohx
45. Dihydrofolate Reductase 1dhf
46. Nitrogenase 1n2c
47. Leucine Aminopeptidase 1lap
48. beta-Lactamase 4blm
49. Catalase 1qqw
50. Thymidylate Synthase 2tsc
51. Tryptophan Synthase 1wsy
52. Aspartate Carbamoyltransferase 4at1

53. Hexokinase 1dgk
54. Phosphoglucose Isomerase 1hox
55. Phosphofructokinase 4pfk
56. Aldolase 4ald
57. Triosephosphate Isomerase 2ypi
58. Glyceraldehyde-3-phosphate 

Dehydrogenase 3gpd
59. Phosphoglycerate Kinase 3pgk
60. Phospoglycerate Mutase 3pgm
61. Enolase 5enl
62. Pyruvate Kinase 1a3w

Storage: containing nutrients
for future consumption

Adenosine 
Triphosphate
(ATP)

Glucose

Water

Infrastructure: 
supporting and 
moving cells

Protein Synthesis: building
new molecular machines

DNA: storing and reading 
genetic information

67. Transfer RNA 4tna
68. Valyl-tRNA Synthetase 1gax
69. Threonyl-tRNA Synthetase 1qf6
70. Glutaminyl-tRNA Synthetase1euq
71. Isoleucyl-tRNA Synthetase 1ffy
72. Phenylalanyl-tRNA Synthetase 1eiy
73. Aspartyl-tRNA Synthetase 1asy
74. Ribosome 1j5e, 1jj2
75. Elongation Factor Tu/tRNA 1ttt
76. Elongation Factor G 1dar
77. Elongation Factor Ts and Tu 1efu
78. Prefoldin 1fxk
79. Chaperonin GroEL/ES 1aon
80. Proline cis/trans Isomerase 2cpl
81. Heat Shock Protein Hsp90 2cg9
82. Proteasome 4b4t
83. Ubiquitin 1ubq

84. DNA 1bna
85. Restriction Endonuclease 

EcoRI 1eri
86. DNA Photolyase 1tez
87. Topoisomerase 1a36
88. RNA Polymerase 2e2i
89. lac Repressor 1lbh 1efa
90. Cataabolite Gene Activator 

Protein 1cgp
91. TATA-binding Protein/

Transcription Factor IIB 1ais
92. DNA Helicase 4esv
93. DNA Polymerase 1tau
94. Nucleosome 1aoi
95. HU Protein 1p51
96. Single-stranded 

DNA-binding Protein 3a5u

63. Actin 1m8q
64. Myosin 1m8q
65. Microtubule1tub
66. Collagen 1bkv

(far left)

Digestive Enzymes: breaking food
into small nutrient molecules
1. Amylase 1smd
2. Phospholipase 1poe
3. Deoxyribonuclease 2dnj
4. Lysozyme 1lz1

5. Pepsin 5pep
6. Trypsin 2ptc
7. Carboxypeptidase 3cpa
8. Ribonuclease 5rsa

Blood Plasma Proteins: transporting nutrients
and defending against injury
9. Factor X 1xka, 1iod
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Cells build many complex molecular machines that perform the biological jobs needed for life. Some of these machines
are molecular scissors that cut food into digestible pieces. Others then use these pieces to build new molecules when
cells grow or tissues need to be repaired. Some molecular machines form sturdy beams that support cells, and others are
motors that use energy to crawl along these beams. Some recognize attackers and mobilize defenses against infection.

Researchers around the world are studying these molecules at the atomic level. These 3D structures are
freely available at the Protein Data Bank (PDB), the central storehouse of biomolecular structures. A few 
examples from the ~100,000 structures held in the PDB are shown here at a magnification of about
3,500,000 times, with each atom represented as a small sphere. The enormous range of molecular sizes is
illustrated here, from the water molecule (H2O) with only three atoms (shown at the left) to the ribosomal
subunits with hundreds of thousands of atoms.
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Cells build many complex molecular machines that perform the biological jobs needed for life. Some of these machines
are molecular scissors that cut food into digestible pieces. Others then use these pieces to build new molecules when
cells grow or tissues need to be repaired. Some molecular machines form sturdy beams that support cells, and others are
motors that use energy to crawl along these beams. Some recognize attackers and mobilize defenses against infection.

Researchers around the world are studying these molecules at the atomic level. These 3D structures are
freely available at the Protein Data Bank (PDB), the central storehouse of biomolecular structures. A few 
examples from the ~100,000 structures held in the PDB are shown here at a magnification of about
3,500,000 times, with each atom represented as a small sphere. The enormous range of molecular sizes is
illustrated here, from the water molecule (H2O) with only three atoms (shown at the left) to the ribosomal
subunits with hundreds of thousands of atoms.
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10nm

1nm (nanomete
r) =
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rs

10 nm

Alexa Fluor 488  
Ex. 496 nm, Em. 519 nm 
ϕ = 0.92, ε = 71,000 M-1cm-1 

Brightness ~ 65 
(Cy5: ~68 @ 646/664 nm)

Green Fluorescent Protein 
Ex. 488 nm, Em. 507 nm 
ϕ = 0.60, ε = 56,000 M-1cm-1 

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

Qdot 525 streptavidin 
Ex. 488 nm (broad), Em. 525 nm 
ϕ = 0.30, ε = 130,000 M-1cm-1 

Brightness ~ 39 @ 488 nm 
Brightness ~ 97 @ 405 nm 

(Qdot 800: ~900 @ 532/800 nm  
and ~4600 @ 405/800 nm)

Cells build many complex molecular machines that perform the biological jobs needed for life. Some of these machines
are molecular scissors that cut food into digestible pieces. Others then use these pieces to build new molecules when
cells grow or tissues need to be repaired. Some molecular machines form sturdy beams that support cells, and others are
motors that use energy to crawl along these beams. Some recognize attackers and mobilize defenses against infection.

Researchers around the world are studying these molecules at the atomic level. These 3D structures are
freely available at the Protein Data Bank (PDB), the central storehouse of biomolecular structures. A few 
examples from the ~100,000 structures held in the PDB are shown here at a magnification of about
3,500,000 times, with each atom represented as a small sphere. The enormous range of molecular sizes is
illustrated here, from the water molecule (H2O) with only three atoms (shown at the left) to the ribosomal
subunits with hundreds of thousands of atoms.

Hormones: carrying molecular
messages through blood
15. Glucagon 1gcn
16. Insulin 2hiu
17. Epidermal Growth Factor 1egf

Channels, Pumps and Receptors: getting
back and forth across the membrane

Photosynthesis: 
harvesting 
energy from 
the sun
27. Photosystem II 

1s5l
28. Light-harvesting 

Complex 1rwt
29. Photosynthetic 

Reaction 
Center 1prc

Energy Production: 
powering the processes 
of the cell

Viruses and Antibodies: engaging in 
constant battle in the bloodstream
13. Antibody 1igt 14. Rhinovirus 4rhv

Enzymes: cutting and joining the molecules of life 
39. Fatty Acid Synthase 2uvb, 2uvc
40. RuBisCo: Ribulose Bisphosphate 

Carboxylase/Oxygenase 1rcx
41. Green Fluorescent Protein 1gfl
42. Luciferase 2d1s
43. Glutamine Synthetase 2gls
44. Alcohol Dehydrogenase 2ohx
45. Dihydrofolate Reductase 1dhf
46. Nitrogenase 1n2c
47. Leucine Aminopeptidase 1lap
48. beta-Lactamase 4blm
49. Catalase 1qqw
50. Thymidylate Synthase 2tsc
51. Tryptophan Synthase 1wsy
52. Aspartate Carbamoyltransferase 4at1

53. Hexokinase 1dgk
54. Phosphoglucose Isomerase 1hox
55. Phosphofructokinase 4pfk
56. Aldolase 4ald
57. Triosephosphate Isomerase 2ypi
58. Glyceraldehyde-3-phosphate 

Dehydrogenase 3gpd
59. Phosphoglycerate Kinase 3pgk
60. Phospoglycerate Mutase 3pgm
61. Enolase 5enl
62. Pyruvate Kinase 1a3w

Storage: containing nutrients
for future consumption

Adenosine 
Triphosphate
(ATP)

Glucose

Water

Infrastructure: 
supporting and 
moving cells

Protein Synthesis: building
new molecular machines

DNA: storing and reading 
genetic information

67. Transfer RNA 4tna
68. Valyl-tRNA Synthetase 1gax
69. Threonyl-tRNA Synthetase 1qf6
70. Glutaminyl-tRNA Synthetase1euq
71. Isoleucyl-tRNA Synthetase 1ffy
72. Phenylalanyl-tRNA Synthetase 1eiy
73. Aspartyl-tRNA Synthetase 1asy
74. Ribosome 1j5e, 1jj2
75. Elongation Factor Tu/tRNA 1ttt
76. Elongation Factor G 1dar
77. Elongation Factor Ts and Tu 1efu
78. Prefoldin 1fxk
79. Chaperonin GroEL/ES 1aon
80. Proline cis/trans Isomerase 2cpl
81. Heat Shock Protein Hsp90 2cg9
82. Proteasome 4b4t
83. Ubiquitin 1ubq

84. DNA 1bna
85. Restriction Endonuclease 

EcoRI 1eri
86. DNA Photolyase 1tez
87. Topoisomerase 1a36
88. RNA Polymerase 2e2i
89. lac Repressor 1lbh 1efa
90. Cataabolite Gene Activator 

Protein 1cgp
91. TATA-binding Protein/

Transcription Factor IIB 1ais
92. DNA Helicase 4esv
93. DNA Polymerase 1tau
94. Nucleosome 1aoi
95. HU Protein 1p51
96. Single-stranded 

DNA-binding Protein 3a5u

63. Actin 1m8q
64. Myosin 1m8q
65. Microtubule1tub
66. Collagen 1bkv

(far left)

Digestive Enzymes: breaking food
into small nutrient molecules
1. Amylase 1smd
2. Phospholipase 1poe
3. Deoxyribonuclease 2dnj
4. Lysozyme 1lz1

5. Pepsin 5pep
6. Trypsin 2ptc
7. Carboxypeptidase 3cpa
8. Ribonuclease 5rsa

Blood Plasma Proteins: transporting nutrients
and defending against injury
9. Factor X 1xka, 1iod
10. Thrombin 1ppb

11. Fibrin 1m1j, 2baf
12. Serum Albumin 1e7i

18. Ras Protein 5p21
19. Beta2-Adrenergic Receptor/Gs Protein 3sn6
20. Acetylcholine Receptor 2bg9
21. Epidermal Growth Factor Receptor 

1ivo, 2jwa, 2gs6
22. Rhodopsin 1f88
23. P-glycoprotein 4m2t
24. Potassium Channel 3lut
25. Calcium Pump 1su4
26. Cyclooxygenase 1prh

38. Ferritin 1hrs

Extracellular Proteins Membrane Proteins

30. Cytochrome c Oxidase 
(Complex IV) 1oco

31. Cytochrome c 3cyt
32. Cytochrome bc1 

(Complex III) 1bgy
33. Succinate Dehydrogenase 

(Complex II) 1nek
34. NADH-Quinone Oxidoreductase 

(Complex I) 3m9s, 3rko
35. ATP Synthase 1e79, 1c17, 1l2p, 2a7u
36. Myoglobin 1mbd
37. Hemoglobin 4hhb
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Intracellular Proteins: Cytosol

Scale:
1nm 5nm 10nm

1nm (nanometer) = 
10-6 millimeters

Antibody 1IGTGFP 1GFL Qdot525 
Qdot800 

Luciferase 2D1S

Alexa Fluor 488

Cy5

Cells build many complex molecular machines that perform the biological jobs needed for life. Some of these machines
are molecular scissors that cut food into digestible pieces. Others then use these pieces to build new molecules when
cells grow or tissues need to be repaired. Some molecular machines form sturdy beams that support cells, and others are
motors that use energy to crawl along these beams. Some recognize attackers and mobilize defenses against infection.

Researchers around the world are studying these molecules at the atomic level. These 3D structures are
freely available at the Protein Data Bank (PDB), the central storehouse of biomolecular structures. A few 
examples from the ~100,000 structures held in the PDB are shown here at a magnification of about
3,500,000 times, with each atom represented as a small sphere. The enormous range of molecular sizes is
illustrated here, from the water molecule (H2O) with only three atoms (shown at the left) to the ribosomal
subunits with hundreds of thousands of atoms.
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40. RuBisCo: Ribulose Bisphosphate 

Carboxylase/Oxygenase 1rcx
41. Green Fluorescent Protein 1gfl
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43. Glutamine Synthetase 2gls
44. Alcohol Dehydrogenase 2ohx
45. Dihydrofolate Reductase 1dhf
46. Nitrogenase 1n2c
47. Leucine Aminopeptidase 1lap
48. beta-Lactamase 4blm
49. Catalase 1qqw
50. Thymidylate Synthase 2tsc
51. Tryptophan Synthase 1wsy
52. Aspartate Carbamoyltransferase 4at1

53. Hexokinase 1dgk
54. Phosphoglucose Isomerase 1hox
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67. Transfer RNA 4tna
68. Valyl-tRNA Synthetase 1gax
69. Threonyl-tRNA Synthetase 1qf6
70. Glutaminyl-tRNA Synthetase1euq
71. Isoleucyl-tRNA Synthetase 1ffy
72. Phenylalanyl-tRNA Synthetase 1eiy
73. Aspartyl-tRNA Synthetase 1asy
74. Ribosome 1j5e, 1jj2
75. Elongation Factor Tu/tRNA 1ttt
76. Elongation Factor G 1dar
77. Elongation Factor Ts and Tu 1efu
78. Prefoldin 1fxk
79. Chaperonin GroEL/ES 1aon
80. Proline cis/trans Isomerase 2cpl
81. Heat Shock Protein Hsp90 2cg9
82. Proteasome 4b4t
83. Ubiquitin 1ubq

84. DNA 1bna
85. Restriction Endonuclease 

EcoRI 1eri
86. DNA Photolyase 1tez
87. Topoisomerase 1a36
88. RNA Polymerase 2e2i
89. lac Repressor 1lbh 1efa
90. Cataabolite Gene Activator 

Protein 1cgp
91. TATA-binding Protein/

Transcription Factor IIB 1ais
92. DNA Helicase 4esv
93. DNA Polymerase 1tau
94. Nucleosome 1aoi
95. HU Protein 1p51
96. Single-stranded 

DNA-binding Protein 3a5u

63. Actin 1m8q
64. Myosin 1m8q
65. Microtubule1tub
66. Collagen 1bkv

(far left)

Digestive Enzymes: breaking food
into small nutrient molecules
1. Amylase 1smd
2. Phospholipase 1poe
3. Deoxyribonuclease 2dnj
4. Lysozyme 1lz1

5. Pepsin 5pep
6. Trypsin 2ptc
7. Carboxypeptidase 3cpa
8. Ribonuclease 5rsa

Blood Plasma Proteins: transporting nutrients
and defending against injury
9. Factor X 1xka, 1iod
10. Thrombin 1ppb

11. Fibrin 1m1j, 2baf
12. Serum Albumin 1e7i

18. Ras Protein 5p21
19. Beta2-Adrenergic Receptor/Gs Protein 3sn6
20. Acetylcholine Receptor 2bg9
21. Epidermal Growth Factor Receptor 

1ivo, 2jwa, 2gs6
22. Rhodopsin 1f88
23. P-glycoprotein 4m2t
24. Potassium Channel 3lut
25. Calcium Pump 1su4
26. Cyclooxygenase 1prh

38. Ferritin 1hrs

Extracellular Proteins Membrane Proteins

30. Cytochrome c Oxidase 
(Complex IV) 1oco

31. Cytochrome c 3cyt
32. Cytochrome bc1 

(Complex III) 1bgy
33. Succinate Dehydrogenase 

(Complex II) 1nek
34. NADH-Quinone Oxidoreductase 

(Complex I) 3m9s, 3rko
35. ATP Synthase 1e79, 1c17, 1l2p, 2a7u
36. Myoglobin 1mbd
37. Hemoglobin 4hhb
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Cells build many complex molecular machines that perform the biological jobs needed for life. Some of these machines
are molecular scissors that cut food into digestible pieces. Others then use these pieces to build new molecules when
cells grow or tissues need to be repaired. Some molecular machines form sturdy beams that support cells, and others are
motors that use energy to crawl along these beams. Some recognize attackers and mobilize defenses against infection.

Researchers around the world are studying these molecules at the atomic level. These 3D structures are
freely available at the Protein Data Bank (PDB), the central storehouse of biomolecular structures. A few 
examples from the ~100,000 structures held in the PDB are shown here at a magnification of about
3,500,000 times, with each atom represented as a small sphere. The enormous range of molecular sizes is
illustrated here, from the water molecule (H2O) with only three atoms (shown at the left) to the ribosomal
subunits with hundreds of thousands of atoms.
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81. Heat Shock Protein Hsp90 2cg9
82. Proteasome 4b4t
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Digestive Enzymes: breaking food
into small nutrient molecules
1. Amylase 1smd
2. Phospholipase 1poe
3. Deoxyribonuclease 2dnj
4. Lysozyme 1lz1

5. Pepsin 5pep
6. Trypsin 2ptc
7. Carboxypeptidase 3cpa
8. Ribonuclease 5rsa

Blood Plasma Proteins: transporting nutrients
and defending against injury
9. Factor X 1xka, 1iod
10. Thrombin 1ppb

11. Fibrin 1m1j, 2baf
12. Serum Albumin 1e7i

18. Ras Protein 5p21
19. Beta2-Adrenergic Receptor/Gs Protein 3sn6
20. Acetylcholine Receptor 2bg9
21. Epidermal Growth Factor Receptor 

1ivo, 2jwa, 2gs6
22. Rhodopsin 1f88
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24. Potassium Channel 3lut
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(Complex IV) 1oco

31. Cytochrome c 3cyt
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(Complex III) 1bgy
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(Complex II) 1nek
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Cells build many complex molecular machines that perform the biological jobs needed for life. Some of these machines

are molecular scissors that cut food into digestible pieces. Others then use these pieces to build new molecules when

cells grow or tissues need to be repaired. Some molecular machines form sturdy beams that support cells, and others are

motors that use energy to crawl along these beams. Some recognize attackers and mobilize defenses against infection.

Researchers around the world are studying these molecules at the atomic level. These 3D structures are

freely available at the Protein Data Bank (PDB), the central storehouse of biomolecular structures. A few 

examples from the ~100,000 structures held in the PDB are shown here at a magnification of about

3,500,000 times, with each atom represented as a small sphere. The enormous range of molecular sizes is

illustrated here, from the water molecule (H2O) with only three atoms (shown at the left) to the ribosomal

subunits with hundreds of thousands of atoms.

Hormones: carrying molecular
messages through blood
15. Glucagon 1gcn
16. Insulin 2hiu
17. Epidermal Growth Factor 1egf

Channels, Pumps and Receptors: getting
back and forth across the membrane

Photosynthesis: 
harvesting 
energy from 
the sun
27. Photosystem II 

1s5l
28. Light-harvesting 

Complex 1rwt
29. Photosynthetic 

Reaction 
Center 1prc

Energy Production: 
powering the processes 
of the cell

Viruses and Antibodies: engaging in 
constant battle in the bloodstream
13. Antibody 1igt 14. Rhinovirus 4rhv

Enzymes: cutting and joining the molecules of life 

39. Fatty Acid Synthase 2uvb, 2uvc
40. RuBisCo: Ribulose Bisphosphate 

Carboxylase/Oxygenase 1rcx
41. Green Fluorescent Protein 1gfl
42. Luciferase 2d1s
43. Glutamine Synthetase 2gls
44. Alcohol Dehydrogenase 2ohx
45. Dihydrofolate Reductase 1dhf
46. Nitrogenase 1n2c
47. Leucine Aminopeptidase 1lap
48. beta-Lactamase 4blm
49. Catalase 1qqw
50. Thymidylate Synthase 2tsc
51. Tryptophan Synthase 1wsy
52. Aspartate Carbamoyltransferase 4at1

53. Hexokinase 1dgk
54. Phosphoglucose Isomerase 1hox
55. Phosphofructokinase 4pfk
56. Aldolase 4ald
57. Triosephosphate Isomerase 2ypi
58. Glyceraldehyde-3-phosphate 

Dehydrogenase 3gpd
59. Phosphoglycerate Kinase 3pgk
60. Phospoglycerate Mutase 3pgm
61. Enolase 5enl
62. Pyruvate Kinase 1a3w

Storage: containing nutrients
for future consumption

Adenosine 
Triphosphate
(ATP)

Glucose

Water

Infrastructure: 
supporting and 
moving cells

Protein Synthesis: building
new molecular machines

DNA: storing and reading 
genetic information

67. Transfer RNA 4tna
68. Valyl-tRNA Synthetase 1gax
69. Threonyl-tRNA Synthetase 1qf6
70. Glutaminyl-tRNA Synthetase1euq
71. Isoleucyl-tRNA Synthetase 1ffy
72. Phenylalanyl-tRNA Synthetase 1eiy
73. Aspartyl-tRNA Synthetase 1asy
74. Ribosome 1j5e, 1jj2
75. Elongation Factor Tu/tRNA 1ttt
76. Elongation Factor G 1dar
77. Elongation Factor Ts and Tu 1efu
78. Prefoldin 1fxk
79. Chaperonin GroEL/ES 1aon
80. Proline cis/trans Isomerase 2cpl
81. Heat Shock Protein Hsp90 2cg9
82. Proteasome 4b4t
83. Ubiquitin 1ubq

84. DNA 1bna
85. Restriction Endonuclease 

EcoRI 1eri
86. DNA Photolyase 1tez
87. Topoisomerase 1a36
88. RNA Polymerase 2e2i
89. lac Repressor 1lbh 1efa
90. Cataabolite Gene Activator 

Protein 1cgp
91. TATA-binding Protein/

Transcription Factor IIB 1ais
92. DNA Helicase 4esv
93. DNA Polymerase 1tau
94. Nucleosome 1aoi
95. HU Protein 1p51
96. Single-stranded 

DNA-binding Protein 3a5u

63. Actin 1m8q
64. Myosin 1m8q
65. Microtubule1tub
66. Collagen 1bkv

(far left)

Digestive Enzymes: breaking food
into small nutrient molecules
1. Amylase 1smd
2. Phospholipase 1poe
3. Deoxyribonuclease 2dnj
4. Lysozyme 1lz1

5. Pepsin 5pep
6. Trypsin 2ptc
7. Carboxypeptidase 3cpa
8. Ribonuclease 5rsa

Blood Plasma Proteins: transporting nutrients
and defending against injury
9. Factor X 1xka, 1iod
10. Thrombin 1ppb

11. Fibrin 1m1j, 2baf
12. Serum Albumin 1e7i

18. Ras Protein 5p21
19. Beta2-Adrenergic Receptor/Gs Protein 3sn6
20. Acetylcholine Receptor 2bg9
21. Epidermal Growth Factor Receptor 

1ivo, 2jwa, 2gs6
22. Rhodopsin 1f88
23. P-glycoprotein 4m2t
24. Potassium Channel 3lut
25. Calcium Pump 1su4
26. Cyclooxygenase 1prh

38. Ferritin 1hrs

Extracellular Proteins Membrane Proteins

30. Cytochrome c Oxidase 
(Complex IV) 1oco

31. Cytochrome c 3cyt
32. Cytochrome bc1 

(Complex III) 1bgy
33. Succinate Dehydrogenase 

(Complex II) 1nek
34. NADH-Quinone Oxidoreductase 

(Complex I) 3m9s, 3rko
35. ATP Synthase 1e79, 1c17, 1l2p, 2a7u
36. Myoglobin 1mbd
37. Hemoglobin 4hhb
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Cells build many complex molecular machines that perform the biological jobs needed for life. Some of these machines
are molecular scissors that cut food into digestible pieces. Others then use these pieces to build new molecules when
cells grow or tissues need to be repaired. Some molecular machines form sturdy beams that support cells, and others are
motors that use energy to crawl along these beams. Some recognize attackers and mobilize defenses against infection.

Researchers around the world are studying these molecules at the atomic level. These 3D structures are
freely available at the Protein Data Bank (PDB), the central storehouse of biomolecular structures. A few 
examples from the ~100,000 structures held in the PDB are shown here at a magnification of about
3,500,000 times, with each atom represented as a small sphere. The enormous range of molecular sizes is
illustrated here, from the water molecule (H2O) with only three atoms (shown at the left) to the ribosomal
subunits with hundreds of thousands of atoms.
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17. Epidermal Growth Factor 1egf
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67. Transfer RNA 4tna
68. Valyl-tRNA Synthetase 1gax
69. Threonyl-tRNA Synthetase 1qf6
70. Glutaminyl-tRNA Synthetase1euq
71. Isoleucyl-tRNA Synthetase 1ffy
72. Phenylalanyl-tRNA Synthetase 1eiy
73. Aspartyl-tRNA Synthetase 1asy
74. Ribosome 1j5e, 1jj2
75. Elongation Factor Tu/tRNA 1ttt
76. Elongation Factor G 1dar
77. Elongation Factor Ts and Tu 1efu
78. Prefoldin 1fxk
79. Chaperonin GroEL/ES 1aon
80. Proline cis/trans Isomerase 2cpl
81. Heat Shock Protein Hsp90 2cg9
82. Proteasome 4b4t
83. Ubiquitin 1ubq

84. DNA 1bna
85. Restriction Endonuclease 

EcoRI 1eri
86. DNA Photolyase 1tez
87. Topoisomerase 1a36
88. RNA Polymerase 2e2i
89. lac Repressor 1lbh 1efa
90. Cataabolite Gene Activator 

Protein 1cgp
91. TATA-binding Protein/

Transcription Factor IIB 1ais
92. DNA Helicase 4esv
93. DNA Polymerase 1tau
94. Nucleosome 1aoi
95. HU Protein 1p51
96. Single-stranded 

DNA-binding Protein 3a5u

63. Actin 1m8q
64. Myosin 1m8q
65. Microtubule1tub
66. Collagen 1bkv

(far left)

Digestive Enzymes: breaking food
into small nutrient molecules
1. Amylase 1smd
2. Phospholipase 1poe
3. Deoxyribonuclease 2dnj
4. Lysozyme 1lz1

5. Pepsin 5pep
6. Trypsin 2ptc
7. Carboxypeptidase 3cpa
8. Ribonuclease 5rsa

Blood Plasma Proteins: transporting nutrients
and defending against injury
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	 	 Keppler et al. Nat. Biotechnol., 2003, 21, 86 (SNAP-tag); Gautier et al. 2008, 15, 128 (CLIP-tag); Los et al. ACS Chem. Biol., 2008, 3, 373 (HaloTag).
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- 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

HaloTag, SNAP-tag, and CLIP-tag are examples of genetically encoded proteins that 
form covalent bonds with synthetic membrane-permeable fluorophores. 

Protein of Interest Protein of Interest

HaloTag

Semi-genetically	encoded	fluorescent	proteins Outline
�28

Fluorescent proteins (FPs) 
Other fluorophore technologies 
Single FP-based biosensors



Figures 

Figure 1. Design and ​in vitro characterization of KIRIN1 (​a​) Design and construction             

of the genetically encoded K​+ indicator KIRIN1. mCerulean3 (residues 1-228) at the            

N-terminus is linked with Kbp (residues 2-149), followed by cp173Venus (full length) at             

the C-terminus. (​b​) Schematic demonstration of the molecular sensing mechanism of           

KIRIN1. Binding of K​+ induces a structural change in the Kbp protein, increasing the              

FRET efficiency between mCerulean3 and cp173Venus in KIRIN1. (​c​) KIRIN1 emission           

fluorescence spectrum (excitation 410 nm, emission 430 nm to 650 nm) in Tris HCl              

buffer with (red) and without (blue) K​+​. (​d​) FRET acceptor-to-donor fluorescence ratio            

(F​530​/F​475​) of purified KIRIN1 protein at various concentrations (1 µM to 150 mM) of K​+               

(red) and Na ​+ (blue) solutions. (​e​) FRET acceptor-to-donor fluorescence ratio of purified            

KIRIN1 protein upon addition of various physiologically relevant ions including Mg​2+ (10            

mM), Ca​2+​ (10 µM), and Zn​2+ ​(10 µM). 
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Designs	of	fluorescent	protein-based	biosensors

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; Nagai et al., Proc. Natl. Acad. Sci. U. S. A. 2001, 98, 3197; Nakai et al., Nat. 
Biotechnol. 2001, 19, 137; Alford et al., Chem. Biol. 2012, 19, 353; Ding et al., Nat Methods 2015, 12, 195.
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ABSTRACT: Cellular signaling networks are the foundation which determines the fate
and function of cells as they respond to various cues and stimuli. The discovery of
fluorescent proteins over 25 years ago enabled the development of a diverse array of
genetically encodable fluorescent biosensors that are capable of measuring the
spatiotemporal dynamics of signal transduction pathways in live cells. In an effort to
encapsulate the breadth over which fluorescent biosensors have expanded, we
endeavored to assemble a comprehensive list of published engineered biosensors,
and we discuss many of the molecular designs utilized in their development. Then, we
review how the high temporal and spatial resolution afforded by fluorescent biosensors
has aided our understanding of the spatiotemporal regulation of signaling networks at
the cellular and subcellular level. Finally, we highlight some emerging areas of research
in both biosensor design and applications that are on the forefront of biosensor
development.
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Roger	Tsien’s	Ca2+	biosensor	equation

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

Calmodulin 
(CaM)

Camgaroo (1999)

+ =
affinity (apparent Kd ! 0.4 mM) were modest, they indicate
that the sensitivity of EYFP fluorescence to the conformation
of an inserted receptor may be of some generality.

DISCUSSION
Despite the gross rearrangements of their primary sequence
described above, GFPs can still fold correctly, generate inter-
nal chromophores, and protect their excited states from vi-
brational deactivation. Circular permutation is known (5) to be
tolerated in a variety of proteins when the original N and C
termini are fairly close in space, as is true for GFPs. If a protein
consists of more than one autonomous domain loosely held
together by flexible linkers, it is easy to imagine that its
function could be preserved despite swapping the order of
those domains. However, GFPs would seem poor candidates
because of their monolithic cylindrical symmetry, intricate
interdigitation of the 11 strands making up their !-barrels,
complexity of their maturation process, and intolerance of
significant N- and C-terminal truncations (21). Nevertheless,
an unbiased genetic screen located at least 10 different sites
(Table 1 and Fig. 2) within the EGFP sequence at which a
permuted fluorescent protein could be initiated after a con-
stant N-terminal purification tag. Currently, we have no ex-
planation for the locations or varying phenotypes of the
permissible permutations, but they should be interesting test
cases for a future understanding of protein folding. Also, we do
not yet know whether the increased acid sensitivity of the
fluorescence was due to the circular permutations themselves,
the attachment of the constant N-terminal polyhistidine tag, or
to the nature of the linker joining the former N and C termini.

Fig. 6 summarizes the many topologies for merging the
sequences of a host protein and a GFP or cpGFP. cpGFPs
represent a library of mutants whose spatial orientations with
respect to fusion partners should differ from those of regular
GFP mutants. Thus, when conventional tandem fusions to
GFPs are unsatisfactory either in the function of the host
protein or in FRET to or from the GFP, a tandem fusion to
a cpGFP (Fig. 6f ) might be worth trying. The higher pKa values
of cpGFP mutants might also be exploited to measure the pH
in relatively alkaline compartments such as mitochondria. Like
the pHluorins (15) and a recent nonpermuted GFP mutant,
S65T!H148D (22), some of the circularly permuted EGFPs
would offer excitation ratioing and might avoid the Cl" ion
interference (20) and relatively easy photoisomerization (6) of
the current high-pKa EYFPs.

FIG. 4. In vitro characterization of EYFP–calmodulin insert protein.
(A) Absorbance spectra with EDTA and zero Ca2#, or with saturating
Ca2#, both at pH 7.5 and the same protein concentration. (B) Fluores-
cence excitation and emission spectra obtained under the same condi-
tions. (C) Titration at pH 7.5 with Ca2# buffers, plotting fractional
conversion to the Ca2#-bound state vs. the logarithm of the free-Ca2#

concentration in molar units. (D) Titrations of normalized fluorescence
vs. pH with EDTA and zero Ca2#, or with saturating Ca2#. The midpoints
of the titration curves are 10.1 in EDTA and 8.9 in excess Ca2#.

FIG. 5. Fluorescence of a typical HeLa cell expressing cytosolic
EYFP–calmodulin insert as a function of time after successive addi-
tions of reagents. The fluorescence normalized by the initial f luores-
cence F0 is plotted on a logarithmic scale.

Biochemistry: Baird et al. Proc. Natl. Acad. Sci. USA 96 (1999) 11245
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GCaMP:	the	prototypical	Ca2+	biosensor	(2000)
�31

RS20calmodulin

Ca2+

Takeharu Nagai  
(Osaka)

Atsushi Miyawaki 
(RIKEN)

Junichi Nakai 
(Saitama)

Loren Looger &  
GENIE (Janelia)

GCaMP1+ GCaMP3-7

PericamcpGFP

Nagai et al., Nat. Biotechnol. 2000, 18, 313; Nakai et al., Nat. Biotechnol. 2001, 19, 137;  
Tallini et al., Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 4753; Wang et al., Structure 2008, 16, 1817; Akerboom et al., J. Biol. Chem. 2009, 284, 6455;  

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. 

The	growing	toolbox	of	(non-Ca2+)	single	GFP-based	biosensors
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Maltose 
MBP.PPYF (LL)

Glutamate 
iGluSnFR (LL) 

SF-iGluSnFR (LL)
GABA 

iGABASnFr (LL)

Extracellular ATP 
iATPSnFr (LL)

Nicotine 
iNicSnFr (LL)

Dopamine 
dLight1 (LT) 
GRABDA(YL)

Protein Kinases (JZ) 
ExRai-AKAR 
ExRai-CKAR 
ExRai-AktAR

cAMP 
Flamindo2 (TK) 

cGMP 
Green cGull (TK)
Intracellular ATP 

MaLionG (TK) 

Glucose 
Green Glifons (TK)

Voltage 
ASAP3 (ML)

Lin Tian (LT)Loren Looger (LL)

Jin Zhang (JZ)

Tetsuya 
Kitaguchi  (TK)

Yulong Li (YL)

Michael Lin (ML)

…and from the the 
Campbell lab: 

GINKO (K+) 
iLACCO (lactate) 

Citrate biosensors 

Among many others…



iLACCO:  
A single FP-based L-lactate biosensor
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There is growing recognition that lactate is a key player in a 
surprising variety of biological process (including neural activity).

Why	L-lactate?

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

Astrocyte-to-Neuron Lactate Shuttle (ANLS) process
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Figure 1. Design and ​in vitro characterization of KIRIN1 (​a​) Design and construction             

of the genetically encoded K​+ indicator KIRIN1. mCerulean3 (residues 1-228) at the            

N-terminus is linked with Kbp (residues 2-149), followed by cp173Venus (full length) at             

the C-terminus. (​b​) Schematic demonstration of the molecular sensing mechanism of           

KIRIN1. Binding of K​+ induces a structural change in the Kbp protein, increasing the              

FRET efficiency between mCerulean3 and cp173Venus in KIRIN1. (​c​) KIRIN1 emission           

fluorescence spectrum (excitation 410 nm, emission 430 nm to 650 nm) in Tris HCl              

buffer with (red) and without (blue) K​+​. (​d​) FRET acceptor-to-donor fluorescence ratio            

(F​530​/F​475​) of purified KIRIN1 protein at various concentrations (1 µM to 150 mM) of K​+               

(red) and Na ​+ (blue) solutions. (​e​) FRET acceptor-to-donor fluorescence ratio of purified            

KIRIN1 protein upon addition of various physiologically relevant ions including Mg​2+ (10            

mM), Ca​2+​ (10 µM), and Zn​2+ ​(10 µM). 
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Laconic	is	a	currently	available		
FRET-based	biosensor	for	L-lactate

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

mTFP1 Venus

LldR lactate-
binding domain

lactate

FRET
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Figure 1. Design and ​in vitro characterization of KIRIN1 (​a​) Design and construction             

of the genetically encoded K​+ indicator KIRIN1. mCerulean3 (residues 1-228) at the            

N-terminus is linked with Kbp (residues 2-149), followed by cp173Venus (full length) at             

the C-terminus. (​b​) Schematic demonstration of the molecular sensing mechanism of           

KIRIN1. Binding of K​+ induces a structural change in the Kbp protein, increasing the              

FRET efficiency between mCerulean3 and cp173Venus in KIRIN1. (​c​) KIRIN1 emission           

fluorescence spectrum (excitation 410 nm, emission 430 nm to 650 nm) in Tris HCl              

buffer with (red) and without (blue) K​+​. (​d​) FRET acceptor-to-donor fluorescence ratio            

(F​530​/F​475​) of purified KIRIN1 protein at various concentrations (1 µM to 150 mM) of K​+               

(red) and Na ​+ (blue) solutions. (​e​) FRET acceptor-to-donor fluorescence ratio of purified            

KIRIN1 protein upon addition of various physiologically relevant ions including Mg​2+ (10            

mM), Ca​2+​ (10 µM), and Zn​2+ ​(10 µM). 

 

  

22 

Designs	of	fluorescent	protein-based	biosensors

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; Nagai et al., Proc. Natl. Acad. Sci. U. S. A. 2001, 98, 3197; Nakai et al., Nat. 
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ABSTRACT: Cellular signaling networks are the foundation which determines the fate
and function of cells as they respond to various cues and stimuli. The discovery of
fluorescent proteins over 25 years ago enabled the development of a diverse array of
genetically encodable fluorescent biosensors that are capable of measuring the
spatiotemporal dynamics of signal transduction pathways in live cells. In an effort to
encapsulate the breadth over which fluorescent biosensors have expanded, we
endeavored to assemble a comprehensive list of published engineered biosensors,
and we discuss many of the molecular designs utilized in their development. Then, we
review how the high temporal and spatial resolution afforded by fluorescent biosensors
has aided our understanding of the spatiotemporal regulation of signaling networks at
the cellular and subcellular level. Finally, we highlight some emerging areas of research
in both biosensor design and applications that are on the forefront of biosensor
development.
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LBP = Periplasmic Calcium L-Lactate-
Binding Protein (TTHA0766) from 

Thermus thermophilus HB8 

Footnotes

Our	goal:	an	intensiometric	lactate	biosensor

Yusuke Nasu (University of Tokyo)

C-LBPcpGFPN-LBP

cpGFP L-lactate-binding protein (LBP)

L-lactate
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Step	1:	Screen	insertion	sites

Yusuke Nasu (University of Tokyo)

cpGFP

Δ
F/

F 0
 (%

)

Insertion site (X)

cpGFP

cpGFP

Screening of 70 different cpGFP 
insertion sites in loops 
N-LBP = residues 1 to X 
C-LBP = residues X+1 to 361

Change in fluorescence +/- lactate (ΔF/F0 (%))
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Step	2:	Optimize	linkers	

Yusuke Nasu (University of Tokyo)

+/- 1.2

+/- 1.8

cpGFP
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108 variants
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128 variants

Optimize 
this linker

+/- 0.8

Optimize 
this linker
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Wavelength

Wavelength

✔

cpGFP
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✗✗

✗

cpGFP
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Random mutations are 
introduced in the gene for the 
enzyme that will be changed.

The genes are inserted 
in bacteria, which use 
them as templates and 
produce randomly 
mutated enzymes.

1 2

The changed enzymes are 
tested. Those that are 
most efficient at catalysing 
the desired chemical 
reaction are selected.

3

New random mutations are 
introduced in the genes for the 
selected enzymes. The cycle 
begins again.

4

mutation

mutation

enzymes

test plate

discarded 
enzyme

DNA

©Johan Jarnestad/The Royal Swedish Academy of Sciences

Random mutations are 
introduced in the gene for the 
enzyme that will be changed.

The genes are inserted 
in bacteria, which use 
them as templates and 
produce randomly 
mutated enzymes.

1 2

The changed enzymes are 
tested. Those that are 
most efficient at catalysing 
the desired chemical 
reaction are selected.

3

New random mutations are 
introduced in the genes for the 
selected enzymes. The cycle 
begins again.

4

mutation

mutation

enzymes

test plate

discarded 
enzyme

DNA

©Johan Jarnestad/The Royal Swedish Academy of Sciences

gene

library

improved 
“winners”

“losers”

screening

protein library

Step	3:	Directed	evolution	

DNA encoding prototype biosensor

Optimized, higher-performance biosensor 
- Larger fluorescence changes

- High folding efficiency

- Brighter fluorescence

- Optimized ligand affinity

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

repeat 
multiple 
times

cpGFP
✔✔
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Step	3:	Directed	evolution
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n Directed evolution 
(7 rounds in total)

iLACCO1

iLACCO variants tested

Yusuke Nasu (University of Tokyo)
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Random mutations are 
introduced in the gene for the 
enzyme that will be changed.

The genes are inserted 
in bacteria, which use 
them as templates and 
produce randomly 
mutated enzymes.

1 2

The changed enzymes are 
tested. Those that are 
most efficient at catalysing 
the desired chemical 
reaction are selected.

3

New random mutations are 
introduced in the genes for the 
selected enzymes. The cycle 
begins again.
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©Johan Jarnestad/The Royal Swedish Academy of Sciences

Random mutations are 
introduced in the gene for the 
enzyme that will be changed.

The genes are inserted 
in bacteria, which use 
them as templates and 
produce randomly 
mutated enzymes.

1 2

The changed enzymes are 
tested. Those that are 
most efficient at catalysing 
the desired chemical 
reaction are selected.

3

New random mutations are 
introduced in the genes for the 
selected enzymes. The cycle 
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mutation

mutation
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DNA

©Johan Jarnestad/The Royal Swedish Academy of Sciences

gene

library

improved 
“winners”

“losers”

screening

protein library

DNA encoding prototype biosensor

7x

cpGFP
✔✔

iLACCO1	crystal	structure

X-ray crystal structure of iLACCO1

ΔF/F0: ~6

Kd =  96 µM
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Wavelength (nm)

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

+ L-lactate

- L-lactateFl
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Wavelength
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.
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iLACCO1.1	(optimized	for	extracellular	L-lactate)

Yusuke Nasu with Qi Dong (University of Tokyo)

Kd =  1.1 mM

L-lactate

Intracellular side

Extracellular side

✔Tuned affinity to respond to 
extracellular concentration range 

✔Glycophosphatidylinositol (GPI) 
anchor for extracellular display 

✔Optimized linker between GPI anchor 
and biosensor 

✔Non-lactate binding control version

 HeLa cells + 10 mM L-lactate
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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!



Redder	is	better	(for	imaging	deeper	into	tissue)
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Redder	is	better	(for	imaging	deeper	into	tissue)
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Redder	is	better	(for	imaging	deeper	into	tissue)
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Four	classes	of	fluorescent	protein

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

Jellyfish	FPs	(e.g.	GFP) Coral	&	anemone	FPs	
(e.g.	mCherry)

Allophycocyanin-derived	
(e.g.	smURFP)

Homologs	of	
Aequorea	GFP	

with	autogenic	
chromophore	

formation

O
N N

O

N
H

HO
O
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fatty-acid-binding	protein-derived		
(e.g.	UnaG)

Bilirubin-binding	proteins

NH HN

NH HN

O O

COOHHOOC

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

Biliverdin-binding	proteins

NH N

NH HN

O O

COOHHOOC

flavin-binding	protein-derived		
(e.g.	iLOV)

N

N

N

NH

O

O
R

Flavin-binding	proteins



R-GECO1  
Ca2+ biosensor

Engineering	of	red	Ca2+	biosensors

Yongxin Zhao and Jiahui Wu

?Ca2+ 

biosensor

DOES  
NOT  

EXPRESS

TOO  
DIM

WRONG 
AFFINITY

WEIRD  
PHOTO- 
PHYSICS

DOES  
NOT  

RESPOND
RESPONSE 

TOO  
SMALL

Rational engineering & 
directed evolution

+
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Zhao et al., Science 2011, 333, 1888 (R-GECO1); Wu et al., ACS Chem. Neurosci. 2013, 4, 963 (O-GECO, R-GECO1.2); Wu et al., Nat Commun 2014, 5, 5262 (REX-GECO);  
Wu et al., Biochem. J. 2014, 464, 13 (LAR-GECO); Ohkura et al., PLoS ONE 2012, 7, e39933 (R-CaMP1.07); Inoue et al., Nat Methods 2015, 12, 64 (R-CaMP2);  

Suzuki et al., Nat Commun 2014, 5, 4153 (R-CEPIAer); Dana et al. eLife 2016, 5, e12727 (jRCaMP1ab, jRGECO1a); Inoue et al., Cell 2019, 177, 1346 (XCaMP-R).

Improved 
performance 

R-CaMP2 
jRGECO1a 
XCaMP-R

Affinity tuning for 
ER and mito 
LAR-GECO 
R-CEPIA1er

and others…

New colors 
O-GECO 

CAR-GECO 
REX-GECO

2011 - 2019

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

COMPLEX  
PHOTO- 

PHYSICS
MIS-LOCALIZES 

 IN  
CELLS mKate2* variant  

(FusionRed)

K-GECO1:	an	improved	red	Ca2+	biosensor
�50

Yi Shen
Shemiakina et al., Nat. Commun. 2012, 3, 1204 (mKate2 variant FusionRed); Shen et al., BMC Biology 2018, 16, 9 (K-GECO1).

K-GECO1 

Bubble-tip 
anemone

… which led us to develop a new biosensor 
based on an improved fluorescent protein

mCardinal
mNeptune

mKelly

…and recently we’ve made a 
highly red shifted variant

R-GECO1  
Ca2+ biosensor

Converting	other	biosensors	from	green	to	red

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);  
Wu et al., ACS Chem. Biol., 2018, Article ASAP (R-iGluSnFR1); Chen and Ai,  Anal. Chem. 2016, 88, 9029 (ZnRed); Harada et al., Sci. Rep. 2017, 7, 7351 (Pink Flamindo); Arai et al., Angew. Chem. IE 2018, 57, 10873 (MaLionR). 

voltage glutamate 

 FlicR1 R-iGluSnFR1
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“Transplanting” red FP 
domain of R-GECO1 into 
existing green biosensors

Pink Flamindo cAMP biosensor
MaLionR ATP 

biosensor

nm HeNe laser, and the red fluorescence emission was
collected between 560 and 700 nm with a hybrid detector
(HyD). Time-lapse series was acquired at 1 min interval and
fluorescence emissions from both channels were scanned
sequentially with the “between lines” mode. Following a few
initial image acquisitions, Zn2+/ pyrithione/KHB (50 μM Zn2+

and 5 μM pyrithione) solution was added, and the time series
continued for another 10 min.
To stimulate zinc release in INS-1E cells, transfected cells

expressing pDisplay-ZnGreen1 were first incubated with 10 μM
EDTA/KHB solution for 15 min to remove prebound metals.
Cells were then washed three times with and then maintained
in KHB buffer to remove EDTA before imaging. Cells were
imaged on the confocal SP5 microscope. ZnGreen1 was excited
with a 488 nm argon-ion laser and green fluorescent emission
was collected between 495 and 600 nm with a hybrid detector
(HyD). Following the initial four image acquisitions, INS-1E
cells were stimulated with 35 mM glucose/KHB solution and
time-lapse fluorescence imaging continued for another 20 min.
All images and videos were processed and rendered with

ImageJ.

■ RESULTS AND DISCUSSION
Development of Green Fluorescent Zn2+ Indicators.

The first and second zinc fingers of Saccharomyces cerevisiae
transcription factor, Zap1, is an ideal proteinaceous, Zn2+-
binding domain for constructing GEZIs due to their small size,
high Zn2+-binding affinity, and Zn2+-induced conformational
change, and it has been successfully exploited to derive FRET-

based GEZIs.19,33 In a similar strategy to the insertion of a
Ca2+-binding calmodulin domain into a FP, as in “Camgaroo”
indicators,29 we reasoned that inserting Zap1 zinc fingers into
FPs would be a promising strategy to create GEZIs. For the
fluorescent element, we selected monomeric teal fluorescent
protein (mTFP1) because of its high fluorescence brightness,
excellent photostability, and efficient chromophore maturation
at 37 °C.34 Directly inserting Zap1 into the β-barrel nearest the
phenolate chromophore of mTFP1 would disrupt the
chromophore folding and subsequently complicate attempts
to rescue fluorescence loss caused by this insertion. Thus, to
make the β-barrel more tolerable to modifications, we first
created an efficiently folded, highly fluorescent circularly
permutated version of mTFP1. We fused the original N- and
C-terminal ends with a GGTGGS hexapeptide linker and split
mTFP1 near the phenolate chromophore between residues 144
and 145 (Figure 1A). Because the resultant recombinant cpFP
(circularly permuted FP) was essentially nonfluorescent, we
then used degenerate codons to extend both the new N- and C-
termini in order to improve the fluorescence. Screening the
resultant library yielded a moderately improved fluorescent
clone, cpTFP0.5, which harbored extra N- and C- terminal
extensions (Figure S1). We next performed five successive
rounds of directed evolution by using error-prone PCR-
generated libraries and screened the resultant bacterial colonies
after overnight incubation at 37 °C for improved fluorescence
brightness. This effort led to cpTFP1, which harbors five
additional mutations (N42H, N81D, S146P, R149 K, and E168
K; residues numbered according to the numbering of mTFP1

Figure 1. Engineering of single-FP based GEZIs. (A) Domain arrangements of various constructs. Important linker sequences are shown in
individual boxes, and mutations within the FP scaffold are also indicated. The full amino acid sequences of these constructs are available in Figures S1
and S2. (B−D) Fluorescence excitation (open circle) and emission (filled circle) spectra of ZnGreen1 (B), ZnGreen2 (C), and ZnRed (D), in the
presence (gray line, treated with 100 μM ZnCl2) and absence (black line, treated with 100 μM EDTA) of Zn2+.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.6b01653
Anal. Chem. 2016, 88, 9029−9036

9031

ZnRed Zn2+ biosensor

Plus a  growing selection of red FP 
biosensors from other labs…
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Redder	is	better	(for	imaging	deeper	into	tissue)
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Redder	is	better	(for	imaging	deeper	into	tissue) Four	classes	of	fluorescent	protein

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

Jellyfish	FPs	(e.g.	GFP) Coral	&	anemone	FPs	
(e.g.	mCherry)

Allophycocyanin-derived	
(e.g.	smURFP)

Homologs	of	
Aequorea	GFP	

with	autogenic	
chromophore	

formation

O
N N

O

N
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O
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fatty-acid-binding	protein-derived		
(e.g.	UnaG)

Bilirubin-binding	proteins

NH HN

NH HN

O O

COOHHOOC

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

Biliverdin-binding	proteins
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COOHHOOC

flavin-binding	protein-derived		
(e.g.	iLOV)
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Flavin-binding	proteins

Engineering	a	NIR	Ca2+	biosensor
�55

Yong Qian
Yu et al., Nat. Methods 2015, 12, 763 (mIFP); Qian et al., Nat. Methods, 2019, 16, 171 (NIR-GECO1).

NIR-GECO1

mIFP		

+

RS20

Calmodulin

+

DOES  
NOT  

EXPRESS

TOO  
DIM

WRONG 
AFFINITY

WEIRD  
PHOTO- 
PHYSICS

DOES  
NOT  

RESPOND
RESPONSE 

TOO  
SMALL

Rational engineering & 
directed evolution

mIFP-derived	NIR-GECO1
�56

Yong Qian
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FootnotesYu et al., Nat. Methods 2015, 12, 763 (mIFP); Qian et al., Nat. Methods, 2019, 16, 171 (NIR-GECO1).



Footnotes

Multi-colour	&	multi-parameter	imaging

Sohum Mehta and Jin Zhang

Pink	
Flamindo		
(cAMP)

NIR-GECO1	
(Ca2+)

AKAR4	
(Protein	
kinase	A)

Ca2+
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Yu et al., Nat. Methods 2015, 12, 763 (mIFP); Qian et al., Nat. Methods, 2019, 16, 171 (NIR-GECO1).

Advantages of NIR-GECO1
Imaging deeper into tissue 
Multicolour imaging 
Use with optogenetic actuators 

Redder is Better!
�58

✔
✔

Ca2+

Progress	towards	NIR-GECO2

Yong Qian and Kiryl Piatkevich
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Works great in worms! 
-Ed Boyden, Kiryl Piatkevich

Summary	of	single	FP-based	biosensors

 Genes from www.addgene.org/Robert_Campbell/  
 Contact: campbell@chem.s.u-tokyo.ac.jp or robert.e.campbell@ualberta.ca

“Redder is better” 
- Growing selection of RFP-derived 

biosensor. 
- mIFP-derived NIR-GECO1 is 1st 

generation NIR Ca2+ biosensor 
- Future: 2nd generation NIR-

GECO1+ with improved 
sensitivity for in vivo imaging.

�60

iLACCO1.1 lactate biosensor 
- iLACCO1.1 is a 1st generation single FP-based biosensor for 

extracellular lactate 
- Future: Imaging of lactate released by astrocytes and new 

biosensors for intracellular lactate imaging.



Summary

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. I recommend trying  2-3 different FPs or biosensors (from different species), and 
determining which one is best under your experimental conditions. 

3. All other factors being the same, redder is better. 

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

Fluorescent proteins (FPs) 
Other fluorophore technologies 
Single FP-based biosensors
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University	of	Alberta	
University	of	Tokyo	and	GSC	program	
JSPS	Kakenhi	(S)	2019-2023

Collaborators	for	work	shown	
Kiryl	Piatkevich	(NIR-GECO1)	&	Ed	Boyden	(MIT)	
Sohum	Mehta	(NIR-GECO1)	and	Jin	Zhang	(UCSD)	

Yurong	Wen	(X-ray	structure)	&	Joanne	Lemieux	(Alberta)
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Currently looking  to 
hire a Project Assistant 

Professor  in Tokyo. 
Applications welcome!
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