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Abstract Green fluorescent protein (GFP), a very important biological agent that involves shift-
ing the color of bioluminescence from blue to green in luminous coelenterates and to increase 
the quantum yield of light emission. GFP discovered in medusa, Aequorea victoria is a key factor 
of various biotechnological and cell biological applications. Beside these applications, GFP of 
A. victoria is generally stable, which does not require co-factors for activity and can be functionally 
expressed in different bacterial species. This property of GFPs from A. victoria permits them 
to be a unique tool to monitor gene expression and protein localization in different organisms. 
The present review brings out the past milestones and future perspectives on GFPs, with an elabo-
rative reviewing on its applications.
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Introduction

Many of the marine invertebrates are possessing mag-
ical coloration mechanism adopted from nature called 
bioluminescence. This is the form of green light pro-
duced by the help of chemical reactions due to photon 
emission [1]. The jellyfish, Aequorea victoria is a bio-
luminescent coelenterate that produces a variety of col-
oration proteins e.g., aequorin [2], which is the active 
component of the bioluminescence. The light emission 
of purified aequorin peaked in the blue part of the visi-
ble spectrum, visualized as a bioluminescence in green 
color. In the quest to explain this situation, Shimomura 
and Johnson (1969, 1970) decided to isolate yet another 
protein found to be of blue colored luminescence, sub-
sequently different from aequorin [3,4]. This lumines-
cence matches with the long wavelength peak in the 
excitation spectrum of GFP, with an emission spectrum 
observed at 510 nm [5]. This data proves that the green 
light of A. victoria originates indirect, radiation-less 
transfer of the energy of the chemically excited elec-
tronic dipole in aequorin to excite the electronic dipole 
of GFP, which followed by green photon emission and 

the later returns to the ground state [6,7]. It clearly in-
dicated that GFP is the acceptor and aequorin, which 
became the source for an energy transfer reaction in 
Forster Resonance Energy Transfer (FRET). 

The strategic research of Shimomura (1979) focused 
on the fluorescent chromophore of GFP to clarify its 
chemical structure [8]. According to his postulations, 
the digested GFP with papain led to the disappearance 
of the fluorescence of the protein, but resulted in a pep-
tide fragment with same absorption spectrum as that 
of the intact protein. The physico-chemical properties 
of this peptide were studied by comparing with those 
of a model compound and suggested that the chromo-
phore is a p-hydroxybenzylideneimidazolinone moiety. 
With access to the primary structure of GFP [9], re-
search continued on re-characterizing GFP chromo-
phore by using Nuclear Magnetic Resonance (NMR) and 
it has been confirmed that the functional portion of the 
chromophore as p-hydroxybenzylideneimidazolinone. 
However, as suggested by Shimomura, the two re-iden-
tified amino acids, making up the imidazolone ring 
were Ser and Gly [10]. 
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Structure

The native GFP isolated from the A. victoria [2] 
was first named by Morin and Hastings in 1971 [6-7], 
which contains 238 amino acids [9]. Residues 65-67 
(Ser-Tyr-Gly) in the GFP sequence spontaneously 
[11] form the fluorescent chromophore p-hydroxyben-
zylideneimidazolinone [10,12]. The excitation spec-
trum 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 [13]. 

The crystal structure of GFP [14,15] is an elev-
en-stranded ß- barrel, threaded by an α-helix, running 
up along the axis of the cylinder. The chromophore is 
in the α-helix, very close to the center of the can-like 
cylinder. A very large part of the primary structure of 
the protein is used to construct the ß-barrel and the 
threading α-helix [11,16,17]. The N-terminal residue 
and the C-terminal residues 230-238, approximately 
corresponding to the maximal number of residues of 
GFP that can be removed from the N- (2 residues) and 
C-terminal (6 residues), respectively at retained fluo-
rescence are disordered and therefore unresolved in this 
structural image [18].  

The tripeptide motif Ser65-Tyr66-Gly67 in the pri-
mary structure of unfolded or denatured GFP does not 
display any striking feature [19]. However, as the 
GFP protein folds into its native conformation, these 
three amino acids are forced into a sharp turn, greatly 
favoring a nucleophilic attack of the amide of Gly67 
on the carbonyl of Ser65, leading to imidazolinone 
formation by cyclization and dehydration [20,21]. At 
this point, GFP does not fluoresce [11] but, condi-
tional on the presence of molecular oxygen, the a-ß 
bond of residue 66 is subsequently dehydrogenated in-
to conjugation with the imidazolinone, which results 
in maturation of the GFP chromophore to its fluo-
rescent form [11-16].  

GFP is generally non-toxic and can be expressed to 
high levels in different organisms with minor effects 
on their physiology [22]. Furthermore, when the gene 
for GFP is fused to the gene of a protein to be studied 
in an organism of interest, the expressed respective pro-
tein retains its normal activity and, likewise, GFP re-
tains its fluorescence, so that the location, movement 

and other activities of the studied protein can be fol-
lowed by microscopic monitoring of the GFP fluo-
rescence [23]. Considering both cases, the remarkable 
and unexpected properties of GFP from Aequorea victo-
ria summarized in this section are essential for the use-
fulness of GFP for studies at the molecular level of 
dynamic processes in living cells.  

Classification

Classification of spectral mutants of Aequorea GFP 
by chromophore type has provided a logical and useful 
guide to users of the GFPs since its introduction in a 
comprehensive form in 1998 [13]. GFP variants divided 
into seven classes based on the distinctive component 
of their chromophore.

Wild- type mixture of neutral phenol and
anionic phenolate (wild type green fluo-
rescent proteins-WGFP)

The wild-type Aequorea protein has the most com-
plex spectra of all the GFPs. It has a major excitation 
peak at 395 nm that is about three times higher in am-
plitude than a minor peak at 475 nm. In normal sol-
ution, excitation at 395 nm gives emission peaking at 
508 nm, whereas excitation at 475 nm gives a max-
imum at 503 nm [11]. 

Phenolate anion in chromophore (green fluo-
rescent proteins-GFP)

GFPs with phenolate anions in the chromophore have 
become the most widely used class for routine cell bio-
logical use. The most commonly used mutation to cause 
ionization of the phenol of the chromophore is a re-
placement of Ser65 by Thr, or S65T [20], though sev-
eral other aliphatic residues such as Gly, Ala, Cys and 
Leu have roughly similar effects [20,24,25]. In the 
wild-type 395-nm excitation peak due to the neutral 
phenol is suppressed and the 470- to 475-nm peak due 
to the anion is enhanced five- to sixfold in amplitude 
and shifted to 489-490 nm [20,24,26].

Neutral phenol in chromophore (sapphire
fluorescent proteins-SFP)

Mutation of Thr203 to Ile in wild type, largely sup-
presses the 475-nm excitation peak, leaving only the 
shorter wavelength peak at 399 nm [11,27].
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Phenolate anion with stacked π-electron
system (yellow fluorescent proteins-YFP)

The longest wavelengths currently available by muta-
tion result from stacking an aromatic ring next to the 
phenolate anion of the chromophore. So far the ar-
omatic ring has always come from the side chain of 
residue 203 and residue 65 is Gly or Thr instead of 
Ser, to promote ionization of the chromophore. All four 
aromatic residues at that position 203 (His, Trp, Phe 
and Tyr) increase the excitation and emission wave-
lengths by up to 20 nm, with the shifts increasing in 
the stated order [28]. 

Indole in chromophore derived from Y66W
(cyan fluorescent proteins-CFP)

Substitution of Trp for Tyr66 produces a new chro-
mophore with an indole instead of a phenol or 
phenolate. Excitation and emission wavelengths are 436 
and 476 nm, intermediate between neutral phenol and 
anionic phenolate chromophores [20,29].

Imidazole in chromophore derived from
Y66H (blue fluorescent proteins-BFP)

Substitution of His for Tyr 66 puts an imidazole in 
the chromophore and shifts the wavelengths yet shorter 
than Trp66. The excitation and emission peaks are 
around 383 and 447 nm [20,30].

Phenyl in chromophore derived from Y66F

The very shortest wavelengths are obtained with Phe 
at 66. The excitation and emission peaks are around 
360 and 442 nm. This mutant has been little studied 
because of no obvious practical use for proteins [16,30]. 

Applications

Biologically, GFP acts to shift the color of bio-
luminescence from blue to green in luminous coelen-
terates and to increase the quantum yield of light emis-
sion [31]. The stability of GFP from A. victoria renders 
no requirement of cofactors for its activity and can be 
functionally expressed in various bacterial species 
[22,32]. This properties permits green fluorescent pro-
tein to be a unique tool for cell biology applications 
to monitor gene expression and protein localization in 
different organisms [22,33-36]. For example in prokar-

yotes, GFP had a significant impact in the fields of bac-
terial development, pathogenesis [37-39] and ecology 
[40,41].  On the other hand, the development of spectral 
variants of GFP, including the CFP and YFP along with 
the discovery of a red fluorescent protein (RFP) from 
the coral Discosoma, have paved the way for in vivo 
co-localization and fluorescence resonance energy 
transfer (FRET) studies in yeast [13,42,43,].  

Marker genes like β-glucuronidase (gusA) gene have 
proved as extremely useful in reporting gene expression 
in transformed plants [44]. Transformed cells or pat-
terns of gene expression within plants can be identified 
histochemically, but this is generally a destructive test 
and is not suitable for assaying primary transformants, 
or for following the time course of gene expression in 
living plants, or as a means of rapidly screening segre-
gating populations of seedlings [45]. The GFP from A. 
victoria is a void of all these problems, because its in-
trinsic fluorescence can be identified in living cells. In 
addition, GFP usage as a marker for transgenic plants 
has been of a great interest.

Unmodified GFP has been successfully expressed at 
high levels in tobacco plants using the cytoplasmic ribo-
nucleic acid (RNA) viruses, potato virus X [46] and 
tobacco mosaic virus [47]. In these experiments, the 
gene was directly expressed as a viral mRNA in in-
fected cells and significantly high levels of GFP fluor-
escence were exhibited during the expression.

The use of viral vector systems to express GFP has 
also been used to monitor the production and release 
of therapeutic molecules from mammalian cells and 
tissues. Bartlett et al. (1995) developed an adenovirus 
vector delivery system using GFP inserted downstream 
from the human muscle creatine kinase promoter and 
following the vector injection, efficient GFP expression 
was recorded in skeletal muscle [48]. Moreover, 
Moriyoshi et al. (1996) used an adenovirus vector to 
transfer GFP into post-mitotic neuronal cells in vivo to 
study cell migration and development of neuronal con-
nections [49]. However viral vectors containing GFP 
have been used to monitor viral infection and patho-
genesis with no need for processing of cells to detect 
infected cells. Using this approach, Dorsky et al. (1996) 
have identified human immunodeficiency virus 
(HIV)-1-infected cells in the tissues using GFP tagged 
HIV-1 [50]. In addition, Dhandayuthapani et al. (1995) 
used a mycobacterial shuttle-plasmid vector carrying 
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GFP cDNA to assess mycobacterial interactions with 
macrophages. Moreover, GFP has been used to compre-
hend the cytology of viral infection directly by visualiz-
ing cell uptake and viral factories in vivo [51-58].

The cytoskeleton can be “illuminated” by the use of 
GFP and not only the individual polymer subunits can 
be independently labeled, but associated proteins in-
cluding motor proteins and binding proteins can be tag-
ged along with GFP. Direct labeling of cytoskeletal sub-
units was initially used as a noninvasive label of the 
cytoskeleton with the aim of watching movements of 
vesicular intermediates or membranes [59-60] or of mi-
totic chromosomes [61] in living cells. However under-
standing of nuclear architecture and dynamics has been 
dramatically improved due to the use of GFP in the 
study of nuclear behavior. One of the most significant 
improvements in the field has been the realization that 
interphase nuclear organization, once thought to be 
comprised of stably associated components assembled 
into rigid arrays, is extremely dynamic and is capable 
of self-organization [59-61]. Using time-lapse imaging 
and photobleaching approaches to probe the behavior 
of different GFP-tagged nuclear components, re-
searchers have found that many nuclear proteins are un-
dergoing rapid movement within the nucleoplasm. The 
linker histone, H1, e.g., was found to undergo rapid 
association and dissociation with chromatin [59]. 
Likewise, only a transient association of the tran-
scription factor, glucocorticoid receptor, with its pro-
moter elements was observed [62]. Moreover, RNA 
polymerase I and II components, DNA topoisomerase 
II, as well as DNA repair complexes were found to 
be highly mobile in the nucleoplasm [63-68] and do 
not form the stable holo-complexes. 

Because of the potential, fluorescent protein technol-
ogy has become inevitable to drug discovery in recent 
years. Up to date, the greatest impact of such proteins 
has been within the compound screening phase of drug 
discovery for which fluorescent protein probes have 
been developed. In parallel, many instruments have be-
come available which allow the detection of changes 
in the fluorescence characteristics of single or populated 
cells within microtiter plate formats [69]. It is now pos-
sible to determine the effect on the subcellular local-
ization of a fluorescent protein fusion protein of 384 
compounds within six minutes, a process which by con-
focal microscopy would have taken several days or 
weeks. In the coming years, with the development of 

more sensitive and faster detection apparatus and im-
proved fluorescent protein probes especially with the 
help of improvements in GFP field, fluorescent protein 
screening assays will become integral to the 
high-throughput screening and pharmacology research 
in most pharmaceutical companies. These developments 
should permit drug screening to be performed on bio-
logically relevant cell types, perhaps including primary 
human cells, at very high throughput. The application 
of GFP technology within the organized development 
of most drug companies is in its infancy. In the coming 
years, fluorescent protein technology will be applied to 
generate novel drugs and their application in various 
toxicology assays. The application of fluorescent pro-
tein assays for primary screening, development and tox-
icology should lead to the identification of molecules 
with improved efficacy, toxicity profiles and pharmaco-
kinetics and thus should contribute to the reduction of 
both cycle time and attrition within the drug discovery 
process.
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