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Abstract 

The Green Fluorescent Protein (GFP) has single handedly revolutionized microscopy and 

molecular biology.  A simple search for GFP in the NCBI Pubmed database yields over 29,900 unique 

publications as of April 2015 demonstrating the importance and influence GFP has had on the scientific 

community.  It is because of this impact that the 2008 Nobel Prize in Chemistry was awarded jointly to 

Osamu Shimomura, Martin Chalfie, and Roger Y. Tsien for their ground breaking work on the discovery 

and characterization of GFP family proteins.  GFP has come a long way since it was first isolated from 

Aquorea Victoria, a bioluminescent jellyfish native to the Pacific Northwest.  In the past 2 decades since it 

was first cloned countless variants have been engineered.  There are now literally hundreds of variants 

of GFP family proteins with more continuously being engineered.  The choice of emission colors spans 

the entire visible spectrum and even beyond with some reaching into the infrared wavelengths. 

It would be a daunting task to attempt to cover all the amazing achievements in engineering of 

GFP family proteins and their diverse applications.  Researchers are continuously improving on the 

constructs available, increasing their efficiency, sensitivity, and stability.  GFP family proteins have been 

adapted to be everything from reporters of gene expression to labels for entire organelles or even entire 

tissues.  GFP can be used to visualize protein binding and transient protein-protein interactions.  GFP 

can also have its fluorescence put under the direct control of a small molecule ligand paving the way for 

switchable and biosensor GFPs.  The more one reads about GFP the more it becomes clear that the 

applications of this amazing protein family are still expanding at a very rapid pace.  Here, I will focus on a 

few of what I consider the most interesting, ambitious, and novel engineering applications of the GFP 

family of proteins.  
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1.1 Introduction 

 Green fluorescent protein (GFP) is a protein naturally produced by Aquorea Victoria, a jellyfish 

native to the Pacific North West and is what gives the animal its signature green bioluminescent 

appearance.  GFP was first observed by Osamu Shimomura in 1963 while studying the bioluminescence 

of Aquorea [1]. The natural physiological function of GFP is to absorb energy emitted by the 

chemiluminescent protein aequorin and emit it at a different wavelength through resonant energy 

transfer.  Under physiological conditions Wild type (WT) GFP exists as a hetero-tetramer with aequorin 

[2].  In order to perform its chemiluminescent reaction Aequorin consumes its substrate coelenterazine 

through oxidation in a calcium dependent reaction and emits blue light in a broad emission band with a 

peak intensity wavelength of 469 nm[3, 4].  When associated with GFP Aequorin powers the 

fluorescence of GFP through bioluminescent resonant energy transfer (BRET) [5].  The energy emitted by 

the chemiluminescent Aequorin provides the electromagnetic excitation energy needed to excite the 

GFP chromophore through a nonradiative (a photon is not emitted) resonant interaction causing the 

GFP chromophore to fluoresce [6].  It is in this way that the Aquorea Victoria jellyfish fuels its 

bioluminescent ability.  The evolution of this interesting BRET interaction has resulted in a very efficient 

and stable fluorescent protein for researchers and industry to exploit in numerous applications. 

Since the initial discovery of GFP many mutant variants of the protein and other GFP family 

proteins have become invaluable tools for bioimaging.  The first application of GFP as a marker for gene 

expression was achieved by Chalfie et al in 1994 [7].  C elegans was transformed with a GFP gene which 

was under the control of the promoter of the mec-7 gene.  This gene encodes a β-tubulin that is 

expressed in touch receptor neurons of C. elegans.  By placing GFP under control of the same promoter 

as mec-7, GFP was expressed whenever mec-7 was being expressed.  The fluorescence patterns of GFP 
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in the neurons of C. elegans observed by Chalfie et al corresponded with other expression patterns for 

that gene/promoter which had been observed through traditional antibody staining assays.  These 

results were revolutionary because they were visualized with a self-contained biomarker protein that 

required no exogenous factor other than an excitation light source.  The GFP proteins were expressed 

internally by the target cells and became fluorescently active by their own self-catalyzing post-

translational reactions.  This was a major turning point in bioimaging technology and allowed 

researchers to measure both the expression of genes and the localization of proteins with much greater 

ease using a fluorescent genetically encoded sensor (GES).    

Since then the uses for GFP as a biomarker and GES have become too numerous to mention.  

GFP family proteins have revolutionized the field of microscopy and bioimaging by providing tags which 

are protease resistant and tolerant of a wide range of pH.  The applications of GFP can range anywhere 

from the imaging of single molecules and protein interactions, labeling and monitoring of organelles, the 

movement of vesicles, all the way to the imaging of entire tissue types or even an entire organism [8-10].  

GFP is optimal for use as an indicator because of its high resistance to both thermal and chemical 

denaturation [11-13].   GFP can be recombinantly linked to other proteins of interest as a fusion protein 

consisting of one continuous polypeptide chain which allows researchers to visualize the localization of 

the fused target protein in the cell or visualize the regulation of expression of the protein in real time.   

GFP family proteins are also excellent for use in Förster resonance energy transfer assays (FRET) 

which visualize the association or close proximity, typically 1-10 nm, of two fluorescent proteins (FP) [14, 

15].  This makes FRET an excellent choice for the study of protein interactions.  The use of Fluorescent 

proteins in FRET is known as FP-FRET.  By utilizing two appropriate variants of GFP family proteins with 

complementing excitation and emission wavelengths the proximity of the two fluorescent proteins, and 

thus their associated target domains of study, can be measured. The excitation of one of the fluorescent 

proteins results in a nonradiative energy transfer where no photon is actually emitted by the first 
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fluorophore.  The resonant energy is directly absorbed by the fluorophore of the 2nd fluorescent 

molecule resulting in the excitation and thus light emission through fluorescence by the 2nd fluorescent 

molecule [6].  This only works when the two fluorescent probes are in close proximity to each other, on 

the order of about 10 nm or less.  The simplest example of a FRET GES system is two fluorescent 

proteins connected with a peptide linker region which is susceptible to cleavage by a particular protease 

of interest.  By observing the loss of FRET the presence/activation of that protease can be measured.  

This makes a useful tool for studying activation of apoptosis [16, 17].  Genetically encoded FRET assays 

have become incredibly valuable tools which have been used to study a wide range of topics and 

protein-protein interactions.  They have been especially useful in the study of membrane proteins such 

as ion channels which often involve numerous subunits coming together in close proximity in the 

membrane of a cell [18-20].  

In the following sections I will cover some of the more revolutionary developments in the GFP 

field that I find particularly interesting.  I will also address promising future directions and applications of 

GFP family protein technology.  Topics to be covered will include a basic overview of GFP family protein 

structure and chromophore structure.  The maturation of the chromophore into a functional fluorescent 

state and the attributes that determine the wavelength of emission will also be covered.  Split GFP and 

GFP variants with cavity forming mutations will be discussed as biosensors which are able to detect the 

presence of a target molecule and indicate this through a change in their fluorescence attributes.  GFP 

constructs which have their fluorescence directly modulated by the presence or absence of a ligand will 

also be discussed.  These diverse applications only begin to scratch the surface of the numerous uses of 

the GFP family of proteins.  This broad field continues to expand at a rapid pace with new exciting 

variants of GFP family proteins constantly being developed.  
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1.2 Tertiary Structure and Chromophore Maturation 

Wild type (WT) GFP is an 11 stranded β-Barrel protein 238 amino acids in length.  This β-Barrel is 

wrapped around a central alpha helix which passes through the core of the β-Barrel (Figure 1-1).  The 

fluorescent chromophore is located in the middle of this central helix and is comprised of the residues 

Ser65, Thr66, and Gly67.  These three residues cyclize together after the protein has folded to form the 

chromophore in a post translational oxidation reaction (Figure 1-2) [4].  This process is known as 

“maturation” and the protein is not fluorescent until this process has been completed. 

The β-Barrel scaffold of GFP-like proteins provides a sheltered microenvironment for the 

chromophore.  This microenvironment is what provides the autocatalytic activity for chromophore 

formation.   The amount of time required for autocatalytic maturation to occur depends on the 

conditions of the solution in which the protein is expressed, as well as the variant of GFP used.  Wild 

type GFP can take hours to mature at normal physiological conditions, but researchers have developed 

mutant variants which can mature in minutes.  TurboGFP is derived from the fluorescent protein 

CopGFP cloned from the copepod Pontellina plumata.  This fast maturing GFP variant is reported to have 

a maturation half-time of approximately 25 minutes [21].  In all GFP-like fluorescent proteins, the 

peptide backbones of residues 65 and 67 undergo an autocatalytic cyclization reaction that initially 

produces an inactive chromophore intermediate before then fully maturing into the final active form 

(Figure 1-2) [22-24].  
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Figure 1-1.  Structure of EGFP.  Crystal structure of EGFP with the protein backbone displayed in cartoon 

form with the N terminus of the polypeptide chain transitioning from blue to red as it progresses from 

the N-terminus to the C-terminus respectively.  The chromophore is located on the alpha helix which 

passes through the core of the beta barrel and displayed in stick format for clarity.  The drawing was 

generated using (PDB 2y0g) [22].  The illustration was generated using The PyMOL Molecular Graphics 

System, Version 1.3r1 Schrödinger, LLC. [25].
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Figure 1-2.  Chromophore Maturation Mechanism of GFP and EGFP. (a) The Nitrogen of residue 67 and 

the carbonyl carbon of residue 65 react in an autocatalytic reaction which forms (b) the cyclized but 

non-fluorescent precursor to the GFP chromophore [24]. (c)  The imidazolone containing intermediate 

state undergoes further oxidation and dehydration of the alpha and beta carbons of Tyr66 which results 

in the fluorescently active GFP chromophore.  Glu222 (not shown), a residue located on the surrounding 

beta barrel and in close proximity to the chromophore, has been implicated as playing a catalytic role in 

the final reaction producing the mature chromophore [22, 23].  All structures were drawn using 

CambridgeSoft ChemBioDraw 14.0. 
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 The posttranslational reactions that form the chromophore are not entirely understood but it is 

known that Arg96 and Glu222 play important catalytic roles in chromophore maturation [26, 27].  These 

residues are located on the surrounding β-Barrel and face inwards towards the chromophore where 

they directly interact with the chromophore-forming amino acid triad (residues 65-67).  The final mature 

chromophore is self-generated through the multi-step cyclization reaction that involves dehydration, 

oxidation, and hydrolysis of the peptide backbone surrounding Tyr66 (Figure 1-2).    It is thought that 

Arg96 acts an electrostatic catalyst and Glu222 acts as a base catalyst.  Glu222 is also believed to play a 

chromophore-stabilizing role providing critical hydrogen bonds with the chromophore which prevent 

flexibility and deactivation of fluorescence [22].  EGFP is a mutant form of GFP (S65T, and F64L) which 

has improved brightness and folding efficiency, but otherwise has nearly identical function to GFP [28].  

In WT GFP and EGFP, Glu222 is shown to alternate between hydrogen bonding of Thr65 and Ser205 but 

cannot hydrogen bonded to both residues at the same time(Figure 1-3).  Gly67 is also highly conserved 

among all natural GFP variants (Figure 1-4).  Substitution of Gly67 results in a poorly folding protein with 

little measurable chromophore maturation [29].  The backbone of Gly67 is bent at a sharp angle and Gly 

is likely the only residue which allows this conformation.  It is this conformation which allows the amide 

nitrogen of Gly67 to have access to the carbonyl carbon of residue 65 allowing the cyclization reaction to 

occur. 
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Figure 1-3.  Local Environment of the GFP chromophore.  This figure depicts the mature chromophore 
of EGFP and the important surrounding interactions which stabilize the chromophore.  The two 
conformations of Glu222 are depicted in green and cyan and show the alternating hydrogen bonds which 
exist between Glu222 and Ser205 (green) and Thr65 (cyan).  The hydrogen bonds are represented in dashed 
yellow lines.  The close proximity of Arg96 to the chromophore triad can also be seen.  The surrounding 
β-Barrel structure is depicted in transparent cartoon to give a sense of orientation.   The crystal 
structure of EGFP (PDB 2y0g) was used to make this figure[22].  The illustration was generated using The 
PyMOL Molecular Graphics System, Version 1.3r1 Schrödinger, LLC [25]. 
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Figure 1-4. Sequence alignment of various GFP family member proteins.  A sequence alignment 

between various GFP family member proteins including WT Aquorea Victoria GFP, EGFP, DsRed, TagRFP, 

and TagBFP.  The conserved Tyr66 (all numbering based on WT GFP numbering) is highlighted with the 

respective fluorescence color of that protein.  Highlighted in yellow are the conserved Gly67, Arg96, and 

Glu222 residues.  Notice that these residues are conserved across a wide phylogenetic gap between GFP 

and DsRed.  Even though the Glu222 residues do not perfectly align in this particular alignment 

arrangement they do superimpose if the crystal structures of the proteins are aligned (data not shown).  

This suggests they perform the same catalytic function in chromophore cyclization.  This sequence 

alignment was performed using the default protein alignment settings with ClustalW at EMBL-EBI[30-32]. 
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The mature chromophore consists of post translationally modified residues comprising a planar 

conjugated π electron complex.  The number of these conjugated π electrons is the dominant factor in 

deciding the spectral properties of the fluorescent protein [33, 34].  More extended π electron 

conjugated electrons usually result in a more red-shifted shifted fluorescence emission while shorter 

and less extended π electron complexes result in blue shifted emission (Figure 1-5). 

 There is a broad spectrum of fluorescent proteins that researchers can choose from, with well 

over 100 published variants emitting light in all colors of the rainbow.  I will look deeper into the 

chromophore structure of 2 GFP family proteins TagBFP [35] and TagRFP [34] because they represent 

well studied GFP variants at the Blue and Red positions of the spectrum respectively.  TagBFP and 

TagRFP also share an interesting relationship with each other: TagBFP was developed from TagRFP, and 

yet has a huge shift in emission wavelength putting it at the opposite end of the spectrum from its 

original parent [34, 35].   

 TagRFP was originally derived from a red fluorescent protein eqFP578 cloned from the sea 

anemone Entacmaea quadricolor [34].  This protein was eventually engineered into TagRFP.  It was first 

mutated randomly and screened for fast chromophore maturation to discover what was dubbed 

TurboRFP [34].  This variant achieved chromophore maturation much faster than the wild type eqFP578 .  

However TurboRFP was still dimeric which was not optimal for an intracellular fluorescent probe.  The 

crystal structure of TurboRFP revealed the amino acids responsible for the interactions which made the 

protein dimeric [34].  These residues were mutated through site directed mutagenesis resulting in a 

monomeric variant which still exhibited red fluorescence.  Further semi random and random 

mutagenesis resulted in the final TagRFP [34].  TagRFP remained monomeric at high protein 

concentrations, achieved chromophore maturation faster than other red GFP family proteins available, 

and had an extinction coefficient higher than DsRed [34].  The chromophore of TagRFP is identical to 
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DsRed with both proteins sharing identical amino acid identity for two residues N terminal and C 

terminal of the conserved Tyr fluorophore [36, 37].  The enhanced spectral properties of TagRFP over 

DsRed come from tighter packing and more rigid molecular interactions in the surrounding 

chromophore environment. 

TagBFP is especially interesting because it was engineered directly from a the red-emitting 

TagBFP, and yet has a bright blue emission.  It is one of the most efficient blue FPs available with a 

quantum yield of 52,000 (compared to quantum yields of about 27,000-32,000 for other blue probes 

such as EBFP, Azurite, and EBFP2) [38, 39].  TagBFP was engineered from TagRFP through structure 

based directed evolution [35].  The elongated planar chromophore of TagRFP characteristic to red 

emitting proteins of the DsRed class of the GFP family was disrupted by mutating residues which 

surrounded the chromophore such as residues Asn148 to Phe148 and Ser165 to Asn165.  These mutations 

destabilized the hydrogen bonds which stabilize the planar orientation of the phenol moiety of the red 

chromophore, and thus help favor the rotated non-planar orientation of the blue emitting chromophore 

(Figure 1-5 c, d).  The rotation of the phenol moiety of Tyr66 results in a truncated π bond conjugation 

which shifts light emission towards the blue end of the spectrum.  Further optimization of the packing 

around the chromophore of TagBFP resulted in a protein with a very high quantum yield and extinction 

coefficient [35].    
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Figure 1-5. Formation of TagBFP and TagRFP chromophores. (a) Much like GFP, TagBFP and TagRFP 

start out with a non-fluorescent tripeptide chromophore precursor that features a conserved Tyr66.  (b)  

The Nitrogen of residue 67 and the carbonyl Carbon of residue 65 react in an autocatalytic reaction 

which forms a non-fluorescent cyclized intermediate state. (c)  The TagBFP chromophore is formed by 

oxidation and dehydration catalyzed by the adjacent Glu222 sidechain (not pictured).  Notice that the 

Tyr sidechain is not coplanar with the chromophore represented by the three dimensional blue sticks 

(PDB 3m24). (d) The TagRFP chromophore is created through oxidation of the C alpha and C beta bonds 

of Tyr66 resulting in the long co-planar conjugated π bond network characteristic of RFPs.  The 

chromophore is also shown in three dimensional red sticks for clarity (PDB 3m22).  
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1.3 Split GFP and fragment reassembly traps 

A useful tool for the study and detection of transient and weak protein interactions is the 

“fragment reassembly trap” [40].  A protein capable of acting as a sensor or indicator has its polypeptide 

chain split in such a way that two complementary fragments are formed.  These fragments are capable 

of reassembling into a functional complex that closely resembles the original WT protein in structure 

and function.  The two peptide fragments of the indicating protein can be fused with separate target 

proteins of interest, allowing.  If the two proteins of interest associate then the fragments of the 

indicating protein will be brought into close proximity to each other and they can assemble into an 

active complex.  In the case of GFP reassembly traps the GFP molecule can fluoresce and give an 

indication that binding of the target proteins has been achieved.  GFP makes an attractive system for a 

fragment reassembly trap assay because it does not require a substrate and it is not part of a larger 

signaling pathway which would also need to be present in the experiment in order for detection to work.  

The beta barrel of GFP is capable of non-covalently assembling into a functional complex which is nearly 

identical to the original monomeric protein [40, 41].  Kent et al successfully deconstructed a 

superfolding GFP variant [42] into 2 separate peptides which are capable of assembling into a functional 

GFP like complex which is virtually indistinguishable in behavior from WT Superfolder GFP [43].  The 

Superfolder GFP was engineered by expressing an already well folding variant of GFP known as αGFP 

[44] as a fusion with a poorly folding protein, H-subunit ferritin, a protein that does not normally fold 

when expressed at 37°C .  The fusion of αGFP with the poorly folding ferritin made it more difficult for 

αGFP to fold properly.  By subjecting this αGFP fusion protein to random mutagenesis and selecting for 

colonies which displayed the brightest fluorescence Pe´delacq et al.  were able to discover an especially 

robust GFP variant dubbed “superfolder GFP” [42].  In order to create a fragment reassembly trap from 

this “superfolder GFP”, one fragment of the split GFP system (GFP 1-10) was designed to contain the 

first 10 strands of the Beta-Barrel, along with the alpha helix which runs along the core of the beta 
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barrel (and  thus will contain the chromophore as well).  The other fragment (GFP 11) was designed to 

consist of the remaining (eleventh) strand of GFP.  When these two fragments bind to one another, a 

complex virtually indistinguishable from a native GFP protein is formed.  The area surrounding the 

chromophore provides the appropriate environment for chromophore maturation.  This results in a 

protein complex which undergoes chromophore maturation, achieves fluorescence, and exhibits 

fluorescence properties nearly indistinguishable from WT GFP.  GFP 1-10 does not exhibit any 

fluorescence or absorbance properties that are characteristic of the intact GFP chromophore when 

isolated.  However, upon addition of GFP 11 binding, chromophore maturation, and fluorescence and 

absorbance characteristic of GFP is observed.  

 An advantage of Split GFP over FRET-based assays is the accumulation of signal over time, thus 

potentially allowing detection of weaker interactions than FRET-based assays.  Since the binding of the 

two GFP fragments is essentially irreversible, the fragment reassembly trap approach can capture 

transient protein interactions too weak to be visualized by FRET alone.  However, the primary 

disadvantage of the fragment reassembly trap is also exactly this trait.  Association is essentially 

irreversible when using a fragment reassembly trap.  Once association has been achieved, the two 

target fusion proteins are essentially permanently linked.  This may have serious negative physiological 

effects on the cells being used for the assay, since pathways could be permanently activated or 

deactivated by locking the fusion proteins together.  For this reason, the target proteins used in a 

fragment reassembly trap must be considered carefully.  The fragment reassembly trap approach might 

not be compatible with all pathways and could lead to potentially fatal activation/deactivation of 

pathways in the cell.  Another disadvantage of current GFP fragment reassembly traps is that the 

chromophore is not mature before the binding event takes place.  Chromophore maturation can be a 

slow process, and thus the fragment reassembly trap approach is not conducive to visualizing 

interactions in real time.  FRET is superior to fragment reassembly traps for the detection of molecular 
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interactions in real time since both fluorescent probes involved are already mature and active prior to 

the binding assay taking place.     

1.4 Cavity forming mutations and switchable GFP proteins 

The hypothesis of our work on cavity formation and chemical rescue is that a protein’s activity 

can be disrupted by introducing cavity forming mutations to the structure of the protein.  These cavities 

introduce instability into the tertiary structure of the protein which in turn disrupts function.  A small 

molecule which is complementary to the shape of this induced cavity may bind into the resulting pocket, 

and restore stability in a process called chemical rescue of structure.  We attempt to use chemical 

rescue of structure as a mechanism to induce switching of activity in our proteins of interest.  The 

structure, and thus function, of the protein can be restored upon the addition of a small molecule which 

is complementary in shape to the engineered cavity.  One way to create such cavities in the structure of 

a target protein is through the mutation of a large buried sidechain to a smaller sidechain.  This decrease 

in displaced volume inside the core of the protein is expected to decrease stability compared to the wild 

type [45-48].  The amount of instability introduced by the engineered cavities is usually directly related 

to the void volume introduced by the mutations [49, 50].  This destabilization is a combination of a loss 

of stabilizing Van der Waals interactions in protein packing as well as hydrophobic effects.  A major 

principle of globular protein folding in water is that solvent exposed hydrophobic sidechains are 

generally destabilizing due to their inability to participate in hydrogen bonds with the solvent.  The 

mutation of a large aliphatic sidechain to a small aliphatic sidechain is likely to result in hydrophobic 

pocket inside the protein which is incapable of binding solvent, and thus reduce the protein’s 

thermodynamic stability [51].   
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Figure 1-6. Cavity forming Trp to Gly mutation by the removal of a “buttressing tryptophan”. (a) The 

mutation of a “buttressing tryptophan” residue which is proximal to a part of the protein that conveys 

function.  Removal of the “buttress” results in an altered structure which disrupts activity (red structure).  

The addition of indole results in the cavity being occupied and the structure of the active site of the 

protein restored.  (b)  A cartoon representation of a GFP family protein demonstrating the location of 

the conserved Trp residue on the central helix.  This Tryptophan residue is in close proximity (~ 10 Å) of 

the fluorophore (PDB 2y0g). 

(a)  

 

       (b) 
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One of the simplest ways to create a cavity forming mutation and complementing small 

molecule pair would be to mutate a buried, non-solvent exposed, Trp to Gly.  This results in the largest 

possible cavity from a single mutation considering that Trp has the most bulky sidechain and Gly has the 

smallest.   A Trp to Gly mutation would theoretically induce an indole-shaped cavity into the structure of 

the protein.  Addition of indole would then occupy the space normally occupied by the Trp side chain.  In 

theory this would restore nearly identical molecular interactions as the WT conformation of the protein, 

and restore the tertiary structure and function of the protein.  Our lab has succeeded in several working 

examples of this approach.  A Trp adjacent to (but not part of) the active site of Beta-Glycosidase from 

Sulfolobus solfataricus was mutated to Gly [52].  Activity of this Beta-Glycosidase structure was rescued 

upon addition of indole.  The crystal structure of the Trp to Gly mutant Beta-Glycosidase and indole 

complex was solved and revealed that indole did in fact occupy the same site formerly occupied by the 

sidechain of Trp.  The addition of indole was successful in reconstituting enzyme activity by restoring the 

native geometry to the active site of the enzyme [52].   

The Karanicolas lab was also successful in demonstrating loss of function due to a cavity forming 

mutation and rescue with indole using a GFP reporter gene assay [53].  The cI repressor from λ phage 

coupled with a GFP reporter gene under control of the pR promoter was used to quantify the amount of 

rescue of function upon addition of indole.  Chimera proteins of the cI repressor were created by 

replacing the C-terminal domain of cI with homodimeric domains from three wild type homodimeric 

proteins from E.coli, YeaZ, Orn, and TadA.  The experimental design of this system is that the fused E.coli 

protein domains dimerize allowing the cI repressor domains to bind the pR promoter and inhibit 

expression of the GFP reporter gene.  Disruption of structure, and therefore dimerization function, of 

the E.coli domains through a cavity forming Trp to Gly mutation will result in expression of the reporter 

GFP gene which will be quantifiable by measuring fluorescence of the host cells.  If indole is able to 

successfully rescue the structure of the E.coli dimerization domains then dimerization will occur 
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resulting in the cI domains binding the pR reporter and repressing expression of the GFP reporter gene.  

This will result in a measurable loss of fluorescence.  Xia et al were successful in demonstrating 

statistically significant rescue of at least 3 Trp to Gly mutants.  This is further evidence that the Trp to Gly 

mutation coupled with rescue by indole is a viable approach to creating switchable proteins.    

  The Karanicolas lab sought to apply this Trp to Gly mutation followed by rescue by indole to a 

GFP protein.  There is a conserved Trp present on many GFP family proteins located on the central helix 

of the protein.  This Trp58 is relatively near to the chromophore (~10 Angstroms).  It is reasonable to 

surmise that disruption of the conformation of the central alpha helix of GFP would convey a structural 

change to the environment of the chromophore.   A void introduced by a cavity forming mutant at the 

conserved Trp residue could result in structural rearrangements which are conveyed down the central 

helix altering the sensitive environment of the chromophore.  This could result in measurable changes in 

fluorescence behavior of the GFP chromophore.  

In order to understand how to create switchable proteins in general we investigated mutating 

this conserved Trp in GFP family proteins to smaller residues.  This is the first step in understanding how 

to create a switchable GFP controlled by an exogenous small molecule.  We wished to characterize the 

structural rearrangements and corresponding stability changes introduced by the cavity-forming 

mutations on residue Trp58.  By better understanding the structural effects of cavity-forming mutations, 

we will gain further insight into the design of switchable proteins.  This will allow us to engineer other 

switches in the future that can efficiently be modulated through chemical rescue of structure. 

Our approach to using GFP as a switchable biosensor differs from other applications of GFP in 

that we are attempting to use the GFP domain itself as the sensing domain.  While some GFP-family 

variants have been found to have some use as metal ion sensors [54], there are no variants of the GFP 

domain which are able to act as biosensors for biologically relevant carbon compounds [55]. Engineering 
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a GFP variant which can sense biologically relevant molecules through a self-contained binding domain 

would be a great leap forward in biosensor design.   Self-contained GFP based biosensors would not be 

limited to sensing ligands which can only be detected by fusing GFP to a sensing domain from another 

protein.  Designing a self-contained GFP sensor is the first step towards making customizable GFP 

biosensors that can be tailored to detect arbitrary ligands of interest. 
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1.6 Conclusion 

The GFP family of proteins has become an invaluable research tool for a wide variety of fields of 

study.  The explosion of GFP constructs has created a revolution in the field of microscopy and 

bioimaging giving researchers tools that were unheard of as recently as the early 1990’s.  Genetically-

encoded fluorescent protein probes have given researchers powerful tools to visualize the regulation of 

promotors, genes, and protein expression.  The utilization of GFP fusion proteins has been a valuable 

tool in the visualization of protein localization.  The scale in which FPs are useful is broad and ranges 

from the small scale visualization of protein-protein interaction to localization and labeling of organelles, 

cells, tissues, organs, and even entire organisms.  The plethora of engineered GFP variants gives 

researchers multiple sets of FRET sensor pairs to choose from allowing protein-protein interactions to be 

studied in detail.  Fragment reassembly traps allow researchers to study more transient interactions not 

strong enough to be detected with FRET techniques.  The wide range of available GFP variants also 

allows multiple colors to be overlaid simultaneously in the same microscope image giving much more 

insight than could be provided using a single probe visualized by staining. 

The applications of FPs only continue to expand as additional variants are engineered at a rapid 

pace.  As the understanding of the nature of the GFP family chromophores improves greater control of 

the spectral properties of the chromophore will naturally follow.  The ability to rationally design GFP 

variants with specific desired properties is nearly at hand.   Researchers will continue to improve the 

thermal stability, oligomerization properties, pH stability, and maturation speed of the proteins 

producing ever more efficient, durable, and useful constructs.  The development of ligand-controlled 

GFP-based biosensors and switches is especially exciting because it will usher in a new class of GFP 

molecules that can be paired with existing techniques to create endless permutations of fluorescent 
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probes.  The ability to directly control the fluorescence properties of the protein using a small molecule 

is an exciting new frontier in the story of GFP-family proteins. 

The application of FPs is not limited to biological research.  FPs are making headway into both 

entertainment and clinical fields as well.  Numerous pet stores now carry GFP-expressing fish that glow 

green under a UV lamp.  The labeling of tumors with FPs is also becoming a reality that may soon allow 

physicians to visualize cancerous cells and aid in their detection and removal in a clinical setting [56-58].  

When one considers the incredible diversity of applications and future directions for GFP-family proteins, 

one can certainly say that the future is looking bright for the application of fluorescent proteins. 
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