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Background 
 

During the 20th century the foundations of biochemistry were laid and used to explore the 
basal principles of the anabolic and catabolic pathways inside living cells. The 20th century 
also witnessed a revolution in our understanding of enzyme function and, through crystal-
lography and nuclear magnetic resonance, of protein structures revealed at atomic resolution. 
During the second half of that century, classical genetics and nucleic-acid chemistry merged 
into modern genomics, based on whole-genome sequencing of an ever increasing number of 
organisms. This genetics revolution, supported by bioinformatics and other auxiliary tech-
niques, has had an impact in many areas of the biological sciences, with practical conse-
quences for medicine, pharmacy and ecology. However, neither the biochemical nor the ge-
netics revolution provided the experimental tools that would allow for quantitative and ex-
perimentally well-defined monitoring at the molecular level of the spatio-temporal intra- and 
inter-cellular processes that define the dynamic behaviour of all living systems. To obtain 
such knowledge, new experimental and conceptual tools were required. Now, at the begin-
ning of the 21st century, we are witnessing the rapid development of such tools based on the 
green fluorescent protein (GFP) from the jellyfish Aequorea victoria, its siblings from other 
organisms and engineered variants of members of the “GFP family” of proteins.  
 
These GFP-like proteins allow the monitoring in time and space of an ever-increasing num-
ber of phenomena in living cells and organisms like gene expression, protein localization and 
dynamics, protein-protein interactions, cell division, chromosome replication and organiza-
tion, intracellular transport pathways, organelle inheritance and biogenesis, to name but a 
few. In addition, the fluorescence from single GFP molecules has made it feasible to image at 
a spatial resolution higher than the diffraction limit. Furthermore, sensors that report pH val-
ues, Ca2+ concentrations and other essential features of the interior of living cells have been 
engineered from GFP-like proteins.  
 
The technical revolution resulting from the discovery of GFP relates to a miraculous property 
of the chromophore that is responsible for its fluorescence. This chromophore is formed 
spontaneously from a tri-peptide motif in the primary structure of GFP, so that its fluores-
cence is “automatically” turned on in every organism where it is expressed. In other words, 
the maturation of the tri-peptide-based chromophore in GFP only requires oxygen and does 
not depend on the presence of enzymes or other auxiliary factors. GFP and its related variants 
thereby provide universal genetic tags that can be used to visualize a virtually unlimited 
number of spatio-temporal processes in virtually all living systems. This GFP revolution in 
the biological sciences has been greatly accelerated by a rapid parallel development of quan-
titative light microscopy, electronics, computational power and molecular modelling of intra- 
and inter-cellular processes with systems-biology approaches.  
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Outlined below are:(i) basal properties of GFP from Aequorea victoria; (ii) basal properties 
of its native relatives from other organisms and engineered variants of members of the GFP 
family; (iii) scientific areas in which GFP-like proteins have had a great impact. Then follow 
three sections of direct relevance for the choice of the Nobel Laureates in 2008: (iv) the 
discovery of GFP, (v) the demonstration that GFP can fluoresce when expressed in organisms 
other than Aequorea victoria, and (vi) the design of variants of members of the GFP family to 
create a universal tool-box for the monitoring of spatio-temporal processes in living systems.  
 
Properties of the GFP protein and its fluorescence chromophore 
The native green fluorescent protein (GFP), first so named by Morin and Hastings (1971 ab), 
from the jellyfish Aequorea victoria (Shimomura et al., 1962) contains 238 amino acids 
(Prasher et al., 1992). Residues 65-67 (Ser-Tyr-Gly) in the GFP sequence spontaneously 
(Heim et al., 1994) form the fluorescent chromophore p-hydroxybenzylideneimidazolinone 
(Cody et al., 1993; Shimomura, 1979) (Fig. 1). 
 

 
 
Figure 1. The fluorescence chromophore formed by amino acid residues 65-67 (Ser-Tyr-Gly) in the 
primary structure of GFP (From Cody et al., 1993). 

 
The excitation spectrum of GFP fluorescence has a dominant maximum at about 400 nm and 
a significantly smaller maximum at about 470 nm, while the emission spectrum has a sharp 
maximum at about 505 nm and a shoulder around 540 nm (Tsien, 1998) (Fig. 2). 
 

 
 
Figure 2. Fluorescence excitation (full-line curve) and emission (dashed curve) spectra of native GFP 
from Aequorea victoria (Tsien et al., 1998). 
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The crystal structure of GFP (Ormö et al., 1996; Yang et al., 1996) is an eleven-stranded β- 
barrel, threaded by an α-helix, running up along the axis of the cylinder (Fig. 3). The chromo-
phore (Fig. 1) is in the α-helix, very close to the centre of the can-like cylinder (Fig. 3). A 
very large part of the primary structure of the protein is used to construct the β-barrel and the 
threading α-helix. The N-terminal residue and the C-terminal residues 230-238, approxi-
mately corresponding to the maximal numbers of residues that can be removed from the N- 
(2 residues) and C-terminal (6 residues) respectively of GFP at retained fluorescence, are dis-
ordered and therefore unresolved in this structural image.  
                                                                        

 
Figure 3. The tertiary structure of GFP, displaying its can-like shape with the α-helix, containing the 
chromophore, threading up through the can (Brejc et al., 1997). 

 
The tripeptide motif Ser65-Tyr66-Gly67- in the primary structure of unfolded or denatured 
GFP does not display any striking feature (Fig. 4, top). However, as the GFP protein folds 
into its native conformation, these three amino acids are forced into a sharp turn (Fig. 4, mid-
dle, left), greatly favouring a nucleophilic attack of the amide of Gly67 on the carbonyl of 
Ser65, leading to imidazolinone formation by cyclization (Fig. 4, middle, right) and dehydra-
tion (Fig. 4, bottom, left). At this point, GFP does not fluoresce (Heim et al., 1994) but, con-
ditional on the presence of molecular oxygen, the α–β bond of residue 66 is subsequently 
dehydrogenated into conjugation with the imidazolinone (Fig. 4, bottom, right), which results 
in maturation of the GFP chromophore to its fluorescent form (Heim et al., 1994; Cubitt et 
al., 1995).  
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Figure 4. Chemical reaction scheme accounting for the spontaneous formation of the GFP 
chromophore from the Ser65-Tyr66-Gly67 motif in the native conformation of the protein in the 
presence of molecular oxygen (Tsien, 1998). 

 
GFP is generally non-toxic and can be expressed to high levels in different organisms with 
minor effects on their physiology (Chalfie et al., 1994). Furthermore, when the gene for GFP 
is fused to the gene of a protein to be studied in an organism of interest, the expressed protein 
of interest retains its normal activity and, likewise, GFP retains its fluorescence, so that the 
location, movement and other activities of the studied protein can be followed by micro-
scopic monitoring of the GFP fluorescence (Wang and Hazelrigg, 1994). Taken together, the 
remarkable and unexpected properties of GFP from Aequorea victoria summarized in this 
section are essential for the usefulness of GFP for studies at the molecular level of dynamic 
processes in living cells.  
 
Today, there are many novel variants of GFP with improved or complementary properties in 
relation to those of GFP from Aequorea victoria, some of which will be discussed in the next 
section.  
 
The GFP family and its mutants  
From the perspective of its usefulness in the biosciences, some aspects of GFP function stand 
out. Among these are: (i) the brightness of the molecule, defined as the extinction coefficient 
at the maximum of the excitation spectrum (see Fig. 1) multiplied by the quantum yield, i.e. 
the probability that an excitation of the electronic dipole of the chromophore leads to the 
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emission of a photon rather than to another, heat-generating transition to the ground state of 
the chromophore; (ii) the photo-stability of the molecule, i.e. the average number of photons 
that the chromophore emits before the fluorescence is lost due to chemical events emanating 
from the first singlet excited state and leading to photo-decomposition; (iii) the existence of 
GFP-like molecules with different excitation and emission spectra throughout the whole 
visible region; (iv) rapid and efficient folding of the molecule in the intracellular context; (v) 
rapid maturation of the chromophore subsequent to protein folding; and (vi) monomeric 
configuration of GFP-like proteins, to facilitate their fusing with proteins of interest. Great 
brightness (i) and photo-stability (ii) are determinants of the signal-to-noise ratio of GFP-
derived intracellular signals. Variable excitation and emission properties (iii) will, in 
particular, allow for the monitoring of events when two GFP molecules, where the emission 
spectrum of one (the donor) matches the excitation spectrum of the other (the acceptor), come 
close to each other. The principle, usually referred to as Fluorescence (or Förster) Resonance 
Energy Transfer (FRET), is a radiation-less energy transfer between two electronic dipoles 
occurring with a first-order rate constant inversely proportional to the sixth power of the dis-
tance between them. FRET can be used to estimate inter-chromophoric distances smaller than 
about 100Å, and the method has been generalized to involve energy transfer between three, 
rather than two, GFP chromophores.  
 
Engineering of GFP from Aequorea victoria has led to improved brightness and photo-stabil-
ity. In addition, variants with better folding properties at temperatures higher than those in the 
northern Pacific Ocean, the habitat of Aequorea victoria, have been engineered, along with 
GFP molecules with varying excitation and emission spectra (Tsien, 1998; Matz et al., 2002). 
GFP-like molecules emitting in the red part of the visible spectrum were eventually found 
among Antozoans (corals) (Matz et al., 1999; 2002), and made useful for intracellular pro-
tein-tagging by elimination of their oligomerizing propensity through extensive mutagenesis 
(Campbell et al, 2002). The coverage of the visible spectrum of light by emission spectra 
from GFP-like proteins existing in the year 2002 is shown in Fig. 5. 
                                               

 
 
Figure 5. Spectral properties of variants of the GFP family (Matz et al., 2002). 
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Apart from the engineering of GFP from Aequorea victoria, Tsien has also made a number of 
important contributions to the development of variants of red fluorescent proteins, often 
based on the DsRed fluorescing protein from the coral Discosoma , discovered by Lukyanov 
and collaborators (Matz et al., 1999; Matz et al., 2002). Tsien and his collaborators charac-
terized the structure of the chromophore of DsRed and the chemical steps leading to its 
maturation (Gross et al., 2000). This work included quantum chemical computations ac-
counting for the red-shift in the excitation and emission spectra of DsRed, compared to those 
of GFP from Aequorea victoria. He used extensive mutations of DsRed to transform it from 
an obligate tetramer, of limited use as a genetic tag, to a monomer with retained fluorescence 
properties (Baird et al., 2000; Campbell et al., 2002). Recent extensions and summaries of 
this work by Tsien and collaborators can be found in Shaner et al., 2004; 2008. The gene-
alogy of different proteins developed from DsRed is shown in Fig. 8: 

 
Figure 8. Genealogy of proteins derived from DsRed. 8a Sequence changes and their colours. 8b. The 
family tree of DsRed proteins. (From Shaner et al. 2004).  
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The spectroscopic qualities of these proteins are summarized in Fig. 9: 
 

Figure 9. Spectroscopic and other relevant properties derived from DsRed. (From Shaner et al., 
2008). 

 
Roger Tsien has also pioneered in the development of fluorescence-based sensors of Ca2+ 
concentrations in whole organisms, tissues, organelles and submicroscopic environments, 
previously out of reach for quantitative monitoring (Miyawaki et al., 1999). The monitoring 
principle is chimeric protein constructs, consisting of a blue or cyan mutant of GFP, 
calmodulin (CaM) and a glycylglycine linker, the CaM-binding domain of myosin light chain 
kinase (M13) and a green or yellow version of GFP. When calcium ions bind to CaM, this 
induces the binding of CaM to M13, which reduces the distance between the two GFP vari-
ants and thereby increases the FRET efficiency. In this way, the FRET signal can be cali-
brated to the intracellular concentration of Ca2+.  
 
In summary, Roger Tsien has made seminal contributions to our understanding of the chem-
istry of the fluorescence properties of GFP and other members of the GFP family. He has 
made extensive contributions to the development of GFP variants with fluorescence emission 
in the whole visible spectrum, with increased brightness and photostability and improved 
folding properties along with rapid maturation of their chromophores. Roger Tsien’s research 
has been instrumental for the development of GFP and GFP-like proteins to the highly effi-
cient genetic tags that today constitute a universal “tool box” for studies of dynamic proc-
esses in all living systems.  
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