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Abstract of the Dissertation 
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in 
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2010 
 
 
 
 
 

 The Green Fluorescent Protein (GFP), from the jellyfish Aequorea Victoria, is 

a vital imaging tool in cellular and molecular biology.  The p-hydroxybenzylidine 

imidazole chromophore is formed post-translationally within the beta-barrel protein 

from three centrally located amino acids; S65, Y66, and G67.  In order to probe the 

mechanism of chromophore formation and facilitate the introduction of unnatural 

amino acids into the chromophore, a permutated variant of GFP was constructed in 

which the existing N- and C- termini of the protein are linked and a new N-terminus 

is created close to the tripeptide chromophore region.  Spectroscopic studies 

demonstrate that this GFP variant closely resembles wild-type GFP. Following 

purification from inclusion bodies, the GFP variant efficiently undergoes folding and 

de novo chromophore formation. 



 iv 

 N-Terminal truncation of the permuted GFP protein resulted in a form of GFP 

to which short peptides can be ligated, thereby facilitating the incorporation of 

isotopically labeled and unnatural amino acids into the chromophore.  A novel and 

efficient method for the generation of such a truncation variant under the partially 

denaturing conditions was developed.  The production of thioester peptides for 

ligation to the truncated GFP variant using Fmoc solid phase synthesis was explored 

and successfully implemented.  Ligation reactions of the bacterially expressed 

truncation GFP variant to the synthetically generated thioester peptides under 

denaturing conditions were refined using existing methodology and de novo folding 

of the resultant ligation product was carried out. 

 Modified unnatural amino-acids and dipeptides were synthetically generated 

and incorporated into the thioester peptide to explore formation of the chromophore.  

In order to probe the excited state proton transfer mechanism essential for the 

fluorescence of GFP, a fluorinated tyrosine substituted into the Y66 position that 

lowers the pKa of the resulting chromophore phenol was biosynthetically generated 

and synthetically protected for introduction into a thioester peptide by solid phase 

synthesis. 

 Further studies using the techniques developed will allow novel chromophores 

to be studied inside the protein matrix.  Lastly, this general methodology may be 

extended to other protein systems, thereby expanding the chemical space within a 

protein system beyond the genetically encoded amino acid set. 
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History of Green Fluorescent Protein 
 
 
 
 
 

The Green Fluorescent Protein (GFP) from the Pacific jellyfish Aequorea 

vicotria has proven a revolutionary biotechnological tool for the study of proteins and 

protein dynamics within the cell.  GFP was originally discovered and isolated from 

jellyfish that appear green in the 1960’s by Osamu Shimomura in complex with its in 

vivo Förster resonance energy transfer (FRET) partner, aequorin.  Squeezates of the 

isolated rim of the jellyfish containing the green coloring were found to be a single 

protein complex [1].  When isolated and treated with calcium, this protein complex 

emitted green fluorescence at 508 nm.  Subsequently, GFP was found to be the source 

of the green fluorescence emission at 508 nm; it does so by absorbing emitted 466 nm 

light from excited complex partner aequorin (Figure 1.1) [1].  Isolation of GFP and  

 

Figure 1.1 Photocomplex within A. Victoria.  Aequorin (blue) binds coelentrerazine 
and with the addition of O2, covalently binds.  Addition of Ca2+ to this aequorin 
complex liberates 466 nm light, which is absorbed by GFP and in turn emits light at 
508 nm. 

hv 466nm hv 508nm 

Aequorin GFP 
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Figure 1.2: Absorption spectrum of GFP.  The absorption spectrum of GFP shows 
a strong absorption at 395 nm (! 21,000 M-1cm-1) and at 475 nm (! 7,150 M-1cm-1)[2], 
overlapping with aequorin 466 nm emission, then strongly emits at 508 nm 
(fluorescence signal in arbitrary units scaled to absorption spectra).  The two 
absorption bands correspond to a neutral 4-hydroxybenzylidene imidazolinone of 
GFP (A) that becomes ionized upon excitation (B). 
 
 
absorption characterization of the protein revealed two absorption bands at 395 nm 

and 475 nm, overlapping well with the emission of aequorin (Figure 1.2) [3].   These 

observations were based on UV visible absorption spectra but did not offer insight 

into the structural interaction between aequorin and GFP, nor how GFP emitted the 

fluorescence. 

Since GFP is from a biological source, great interest was invested in the 

biologically-generated chemical structure of the light-emitting molecule within GFP.  

Proteolysis of heat denatured GFP, chemical extraction, and repeated rounds of thin 

395 

475 

-O
N

N

O

HO
N

N

O

508 

A 
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layer chromatography (TLC) purification revealed a compound that, after undergoing 

acid hydrolysis, corresponded by mass and absorption maxima to the conjugated 4-(p-

hydroxybenzylidene)-5-imidazolone chromophore [4].  Further work by Prasher et al. 

showed that when the GFP gene was isolated from the A. victoria cDNA and 

expressed  heterologously, the green fluorescence of GFP remained, proving that the 

fluorescent nature of this protein was intrinsic to the 238 amino-acid primary 

sequence [5].  Several years later, Chalfie et al. harnessed the intrinsic fluorescence of 

GFP as a genetically encoded molecular tracer for study in Caenorhabditis elegans by 

first heterologously expressing the protein in Escherichia coli [6].  The same year, the 

heterologous expression potential of this protein was confirmed by Inouye et al [6, 7].  

Since this initial work, the heterologous expression of GFP has exploded to almost 

every facet of cellular biology as a non-invasive in vivo visualization tool [8].  As a 

result, many have extensively studied and modified the original GFP structure for 

improved spectral characteristics and function. 
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Structure of GFP and Proposed Biosynthetic Pathways 
 

 

 

The crystal structure of wild-type GFP (wtGFP) was solved in 1996 and 

revealed a 238 amino-acid beta-barrel with a central strained helix containing the 

chromophore (Figure 1.3A) [9]. Surrounding the chromophore is a network of amino-

acid side chains (Gln69, Arg96, His148, Thr203, Ser205, and Glu222) that sequester 

the chromophore from bulk solvent and stabilize the excited state anion form, 

resulting in high quantum emission yield upon excitation (Figure 1.3B) [9, 10].  The 

crystal structure confirms the chemistry of the chromophore as a post-translational 

modification of centrally located Ser65-Tyr66-Gly67 and place the chromophore in 

the middle of the GFP amino-acid sequence, as was postulated from the primary 

sequence of the protein after a cDNA isolate from A. victoria was cloned and 

sequenced [5, 11]. Additionally, a hydrogen-bonding network was observed between 

the phenol of Tyr66 with ordered water adjacent to the chromophore, Ser 205 and 

Glu222 (Figure 1.3B) [12]. 
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Figure 1.3.  X-ray crystal structure of wtGFP and its chromophore.  Structures 
are based on the first published structure of wtGFP, PDB ID 1GFL.  Residues that 
surround and interact with the chromophore are in magenta, with an intrinsic 
hydrogen bonding network depicted as dashed black lines. 

His 148 

Thr 203 

H2O 

Ser 205 

Glu 222 Ser 65 

Gln 94 

Arg 96 

Gln 183 

Gln 69 

A. 

B. 
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 Time-resolved fluorescence (TRF) studies allow insight into the dynamics of 

the chromophore during excitation by monitoring the emission of fluorescence over 

the picosecond to nanosecond time scale.  GFP emits a short 460 nm emission 

correlated to the emission of the neutral form of the chromophore, which dissipates 

within 30 ps while rise and emission at 509 nm from the anionic form of the 

chromophore lasts on the order of nanoseconds [13-15].  These results suggest 

multiple chromophore charge states within the hydrogen-bonding network of the 

protein. 

This idea of charge states and cycling of GFP absorption and emission were 

interpreted to be from three different states [12, 15].  Under this model, the steady 

state neutral chromophore (A) upon excitation (A*) can directly emit 460 nm light 

and relax back to the neutral chromophore (A) or undergo an excited state proton 

transfer (ESPT) resulting in the formation of a phenolate in the excited chromophore 

(I*).  I* then emits 509 nm light to return to ground state (I) and cycles back to the 

neutral steady state (A) by quick reprotonation.  A small population of the 

chromophore exists in the anionic ground state (B), where excitation at 476 nm leads 

to an excited B* state, which then can emit 504 nm light and return to ground B state. 

The difference between A and B state is proposed to be a structural rearrangement of 

the hydrogen bonding network.  However, at very slow rate, Chattoraj et al. 

suggested that in both the excited and ground state, I, which contains the phenolate on 

Tyr66, can be converted to the steady state anion (B) by rearrangement of this 

hydrogen bonding network (Figure 1.4) [15].  
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Figure 1.4. Photocycle of GFP.   Excited state chromophores detailed in blue, 
ground state chromophores detailed in black.  (Structures adapted from Stoner-Ma et 
al.[16] and based on charge states detailed in Chattoraj et al. [26]. ) 
 

As would be expected, GFP chromophore spectral characteristics are pH 

dependent even though the protein is stable between pH 6-10 [17].  For this reason, 

GFP may not only be a tracer or tag, but also a tightly defined physiological pH 

sensor [18].  The phenol of Tyr66 can be ionized to form the phenolate at pKa 8.1, 

which sharply changes the maximal absorption from 384 to 448 nm [19].  The anionic 

variant of GFP, S65T is pH titratable and adopts a neutral form in acidic solutions 

[20].   

Mutations of residues in and around the chromophore of GFP showed that the 

absorption and emission can be altered to differing wavelengths.  The S65T mutation 

shifts the absorption spectrum to the anionic form, presumably by disrupting the 

hydrogen bonding to Glu222, thereby forcing this Glu residue to remain neutral and 

permitting the chromophore phenol to form an anion more easily through the 
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hydrogen bonding network.  However, in wtGFP, the Ser65 maintains this Glu as an 

anion, thereby promoting a neutral species on the phenol of the chromophore through 

the hydrogen bonding network [2, 21-23].  Interestingly, this mutation causes a four-

fold increase in the rate of chromophore formation [2, 24].  Driving the absorption 

spectrum to the neutral form (" max 399 nm), the T203I mutant disrupts hydrogen 

bonding to the phenol of the chromophore thereby promoting a neutral chromophore 

that may still ionize in the excited state and emit at 511 nm [25, 26].  Mutations at 

residue Thr203 to an aromatic amino acid, most notably tyrosine, creates a #-stacking 

interaction with the phenol in the chromophore that shifts both the absorption and 

emission spectra to the red approximately 20 nm, thereby creating yellow fluorescent 

protein [9, 27-29].  Mutation of the Tyr66 to other aromatic amino acids shifts the 

excitation and emission into the blue range; Y66W (" max 436 nm, emission 476 

nm), Y66H (" max 383 nm, emission 447 nm), and Y66F (" max 360 nm, emission 

442 nm) that are often used in cellular studies as FRET partners with green or yellow 

emitting variants of GFP [26, 30, 31]. 

With the identification of the residues that are post-translationally modified to 

form the chromophore and molecular oxygen being the only required external 

cofactor, two models for the formation of the GFP chromophore based on 

biochemical and crystallographic studies of both wtGFP and created variants were 

proposed.   Prior to extensive mutant structural and biochemical studies, the pathway 

was thought to be a simple spontaneous backbone cyclization event coupled with the 

dehydration of the serine carbonyl, followed by slow oxidation over a four hour 
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period (Figure 1.5A) [26].  The first model generated from mutant GFP studies, 

proposed by the Getzoff group, suggested an initial cyclization of the peptide 

backbone when the amide of Gly67 is brought in close proximity to the carbonyl of 

Ser65 in a strained alpha helix during folding of the protein.  Subsequent dehydration 

of the cyclized product would create a semi-stable intermediate, which is then 

oxidized by molecular oxygen via hydroperoxide intermediate generating the mature 

chromophore (Figure 1.5B) [24, 26, 30].  The proposed rate-limiting step of this 

pathway is oxidation of the dehydrated cyclized intermediate.  This model arose from 

the crystal structure of the S65A/Y66S mutant of GFP.  These mutations mimic the 

post-translational modification of Histidine Amomia Lyase (HAL), which also carries 

out a backbone cyclization and dehydration event between Gly144 and Ala142.   A 

lack of distinct electronic density around the carbonyl carbon of Ser65 in GFP 

suggests that these residues are in a mixed population of hydrated and dehydrated 

species [32, 33].  These results suggest that the dehydration mechanism is fast and 

reversible, leaving the slow oxidation at the C$ of Tyr66 as the rate limiting final step 

in chromophore maturation for these mutants. 

 The crystal structures of the Y66L variant of GFP suggests an alternate pathway, as 

proposed by the Wachter group.  This structure shows a hydrated species 
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Figure 1.5.  Current models of chromophore formation.   
A. Initial models of chromophore formation suggest a cyclization event followed by 
dehydration to a cyclic imine.  Slow aerobic oxidation yields the final conjugated 
chromophore.  B. the model developed from the crystal structure of S65A/Y66S 
shows backbone cyclization and a reversible dehydration step. Oxidation of the 
dehydrated species commits the structure to the final conjugate chromophore.  C1.  an 
alternate model based on the Y66L GFP variant shows a cyclization, oxidation, and 
dehydration mechanism  C2. KIE studies of a F64L/S65T/E222Q mutant show that 
after oxidation, the final dehydration step is stimulated by proton abstraction from C% 
of the tyrosine moiety, causing internal rearrangement of the imidazolynl ring and 
ejection of the hydroxyl group. 

 

 

 



 12 

with a “fully reduced imidazole with an attached carbonyl oxygen, analogous to the 

imidazolinone ring of the mature chromophore (partially reduced imidazole with an 

attached carbonyl oxygen)” [34].  Additionally, Fourier transform ion cyclotron 

resonance electrospray ionization mass spectrometry (FT-ICR-ESI-MS) confirmed 

the protein retains the hydrated form of the chromophore with a mass addition of  

18 Da [34].  These data suggests a cyclization-oxidation-dehydration mechanism for 

the formation of the mature GFP chromophore (Figure 1.5C1).  Further experiments 

in which the C% of Y66 is deuterated in a F64L/S65T/F99S/M153T/V163A/A206K 

mutant show a Kinetic Isotope Effect (KIE) where replacement of the hydrogens with 

deuterium shows a slowing of carbon-deuterium scission relative to carbon-hydrogen 

scission only after the peroxide species is formed.  These data suggested an Arg96-

base mediated proton abstraction from C% of the tyrosine after hydroxylated cyclic 

imine formation (due to oxidation, peroxide leaving) [35]. This step is succeeded by 

imine rearrangement to eject the hydroxide moiety thereby forming the final 

dehydrated mature chromophore (Figure 1.5C2) [35].   

As detailed above, the models for chromophore formation proposed thus far 

are based structural and biochemical studies of mutants, not the wild-type 

chromophore sequence itself.   To remedy the issue of multiple chromophore 

formation models from an array of mutants, smaller changes to the chromophore 

forming residues, such as incorporation of unnatural amino acids, can be made.  

These more subtle changes allow examination of each step in chromophore formation 

within the context of the wild type protein structure. 
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Unnatural amino acids and circular permutation as tools 
for elucidation of chromophore biosynthesis 

 

 

There are currently two available methods for unnatural amino acid substitution 

of residues within a protein sequence.  One methodology, developed by the Schultz 

lab and aimed at expanding the genetic code, involves the re-engineering of cellular 

protein synthesis machinery to generate and use an orthogonal tRNA that matches the 

rarely used amber stop codon (TAG) (Figure 1.6A).  This tRNA is charged by an 

engineered or evolved tRNA synthetase [36, 37].  The amber codon introduced into 

the target protein gene at the desired codon position allows incorporation of the 

unnatural amino acid.  This methodology has been applied to GFP at amino acid 

positions both distant from the chromophore and at the critical Tyr66 position [38, 

39].  The unnatural amino acids previously substituted for Tyr66 that modulated the 

absorption and fluorescent properties of GFP include p-amino-L-phenylalanine, p-

methoxy-L-phenylalanine, p-iodo-L-phenylalanine, and p-bromo-L-phenylalanine.  

All of these modifications are limited to substitutions of the phenol oxygen of the 

tyrosine and modifications of the amino-acid side chain that influence only half of the 

GFP chromophore.  Exploration of the nature of chromophore formation within GFP 

demands a more flexible synthetic system allowing modification of both the main  
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Figure 1.6.  Method for incorporation of unnatural amino acids into proteins.   
A. Exploiting the rarely used TAG amber codon, cells are transformed with plasmids 
encoding both the tRNA evolved to contain the anticodon matching the amber codon 
and a plasmid that encodes the tRNA synthetase capable of accepting the unnatural 
amino-acid and charging the evolved tRNA.  The gene for the protein of interest, with 
the amber codon mutated in at the desired position, is transformed into these cells as 
well.  Cells are then fed the modified amino acid (denoted here as a tyrosine 
derivative with differing functionalities at the para position), expression is induced, 
and protein is purified from cells. B. Plasmid containing the gene of the protein of 
interest with either an N-terminal intein or endoprotease recognition sequence is 
transformed into cells, expressed, and purified.  The protein is then cut by addition of 
an endoprotease or through the action of the tagged intein.  Through SPPS, the first 
section of the desired protein is synthesized as a C-terminal thioester peptide with the 
modified amino acid incorporated at the desired position.  The cut protein, with a 
requisite N-terminal cysteine, is then ligated to this thioester peptide and the ligation 
product is folded to yield the desired protein. 
 

 

 



 15 

chain backbone and the side chain, thereby allowing modification to both the 

imidazolinone and p-hydroxybenzylidene portion of the chromophore.   

 A second and more amenable method for unnatural amino-acid incorporation 

involves a semi-synthetic approach where a majority of the protein is bacterially 

expressed with an N-terminal cysteine (Figure 1.6B).  The portion carrying the 

unnatural amino-acid is synthetically incorporated into a peptide thioester via solid 

phase peptide synthesis (SPPS), and the two pieces are ligated together via an 

intermolecular transthioesterification and rearrangement [40].  This reaction is carried 

out using thiol catalyst to promote the transesterification reaction. This reaction can 

be performed under native conditions if the site of ligation is solvent accessible, but 

may also be carried out in denaturing solution (usually &6M guanidine•HCl).  This 

methodology, called expressed protein ligation (EPL), has the advantage of allowing 

a much broader range of chemical modification to the amino-acids incorporated into 

the synthetic peptide.  Due to the greater chemical flexibility, we have chosen the 

EPL method to generate synthetic peptide thioesters with modified residues at the 

chromophore forming positions, and ligate them to the remainder of the GFP protein.  

The ligation product is then folded and the resulting chromophore structure may be 

studied by a variety of techniques including UV-visible absorption spectroscopy, 

mass spectroscopy, ground state raman spectroscopy, x-ray crystallography, steady 

state, time-resolved fluorescence, and  infrared spectroscopy. 
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 Since the chromophore forming residues of GFP are in the center of the 

protein’s primary sequence, a method to shift the start of the primary sequence closer 

to these residues via a circular permutant was developed.  By starting the primary 

sequence within a few amino acids of the chromophore forming residues, only a small 

portion of the protein must be truncated at the N-terminus to eliminate the 

chromophore forming residues up to the first cysteine within the sequence.  This 

truncated portion of peptide sequence is then synthetically generated, incorporating 

the desired unnatural amino acid at the correct position, and ligated to the truncated 

circular permutant at the cysteine.  This ligated protein is then de novo folded, 

yielding the GFP protein with the unnatural amino acid tyrosine at the Tyr66 position. 

Based on the mechanisms involved in chromophore formation, two unnatural 

amino acids that modify the protein backbone were chosen to interrupt and probe the 

chromophore formation mechanism.  By attaching a methyl group to the backbone 

amine of the tyrosine (N-methyl tyrosine), this amine is present in a tertiary form, 

thereby preventing further unsaturation of the backbone Ser65 carbonyl carbon-Tyr 

66 amine nitrogen bond that occurs when the carbonyl of Ser65 is dehydrated.  This 

modification therefore traps the chromophore in a hydrated state, allowing an 

investigation via mass spectroscopy, as was done with anerobic and aerobic samples 

of wtGFP, of the oxidation mechanism at the C$ of Tyr66 (i.e. is dehydration 

required to permit oxidation and double bond formation between C$ and C% of the 

Tyr66 side chain) [26].  Likewise, the oxidation addition at the C$ of Tyr66 is 

proposed to proceed via a carbonyl enolate at the Tyr66 carbonyl [35].  Removal of 
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this carbonyl oxygen would prevent enolate formation and oxidation at the adjacent 

C$ of Tyr66, thereby evaluating whether the dehydration step (mass loss of 18 Da via 

mass spectrometry) can happen prior to and independent of the oxidation step.  The 

removal of the carbonyl group of Tyr66 may even prevent the initial cyclization 

reaction, as some models propose an enolate at this position for adjacent amine of 

Gly67 to attack the carbonyl of Ser65 [32].  Any post translational modification 

observed by mass change in the protein from the expected sequence would indicate 

that cyclization is possible without an enolate at the carbonyl of Tyr66.  Since these 

modifications may not produce a detectible absorption or fluorescence signal due to 

interrupted chromophore formation, mass spectral analysis will glean as much 

information about the intermediate chromophore formation state as possible.  Ideally, 

crystal structures of the unnatural amino acid incorporated into the GFP scaffold 

would provide the clearest image of the trapped chromophore intermediate.   

 Other proposed amino acid modifications to the chromophore tyrosine would 

modulate the photochemistry of the chromophore. The semi-synthetic method 

proposed here allows for site-specific incorporation of tyrosine derivatives, thereby 

avoiding any effects of global incorporation of modified amino acids in all 11 

tyrosine residues in GFP [20, 41].  Movement of the p-hydroxyl group of the tyrosine 

around the ring to the meta position, thereby disrupting the hydrogen bonding 

network of the chromophore within the wtGFP context, while still retaining all of the 

functional groups on the chromophore, would test the importance of p-hydroxyl 

position on the chromophore.  Presumably, a chromophore with a hydroxyl group 
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outside of the hydrogen bonding network would behave as a completely neutral 

species, with absorption only at 397 nm (or slightly less) and potentially little 

fluorescence, unless the excited state meta phenol is able to eject the proton onto 

another acceptor residue.  The isosteric substitution of hydrogens for fluorine atoms 

in the phenol ring of the chromophore would reduce the pKa of the phenol of the 

tyrosine by electron withdrawing inductive effects, thereby forcing an anionic 

chromophore into the wild-type GFP hydrogen-bonding network [20, 42].  This 

would most likely rearrange the hydrogen bonding network to accommodate the 

easily ionized chromophore and produce a predominantly anionic absorption 

spectrum.  pH titrations monitored via fluorescence of this fluorinated tyrosine 

derivative will reveal the extent to which the pKa of the phenol tyrosine is modulated. 

Additionally, the use of time resolved fluorescence would give insight into some of 

the fast changes (on the picosecond timescale) within the fluorescence spectrum of 

GFP and this fluorinated derivative where presumably, the ionization of the 

chromophore phenol would most likely populate the B-state of the hydrogen bonding 

network. 
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Aim of Study 
 
 
 
 
 

While the development of GFP as a biomolecular visualization tool has 

progressed extensively since its initial characterization and discovery, the scientific 

debate over the exact chemical mechanisms that lead to the formation of the 

chromophore is ongoing.  Exploration the chemical space within the chromophore of 

GFP and dissection the chromophore forming steps requires a methodology that 

allows full chemical access to the residues that comprise the chromophore.  While the 

tRNA-amber codon method for the introduction of unnatural amino-acids is an 

attractive means of introducing amino-acid side chains that are compatible with this 

system, the relatively limited space within the GFP barrel excludes the use of a large 

majority of amber codon compatible unnatural amino-acids.  Additionally, the 

imidazolinone ring of the chromophore is derived from the amino-acid backbone. 

Therefore, main-chain modified amino acids useful in exploring the modifications to 

the imidazolinone ring would most likely not be functionally incorporated by the 

tRNA synthetase onto the tRNA or be successfully used by the ribosome.  For these 

reasons, we chose to develop a purely synthetic method to introduce unnatural amino-

acids (including those that modify that standard peptide bond in the residues that will 

compose the imidazolinone ring) into a peptide and then ligate the peptide to the 

remaining, bacterially expressed, protein.  The use of this methodology will probe the 

mechanism of chromophore formation and potentially improve upon the existing 
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models, thereby giving a greater understanding to the formation of this chromophore 

as a whole.  This method also allows a much broader set of modifications to the 

chromophore structure.  Modifications to the tyrosine residue, including relocation of 

the tyrosine hydroxyl and fluorination of the tyrosine phenol that decreases the pKa 

of the phenol group, probe the importance of the hydrogen bonding network 

responsible for efficient fluorescent emission in the GFP protein. 
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Introduction to approach and limitations of 
GFP circular permutants 

 
 
 
 
 

To use a semi synthetic approach incorporating unnatural amino acids by 

native chemical ligation of a small peptide thioester to the GFP protein, we must first 

find and validate a circular permutant with the critical chromophore forming residues 

near the N-termius that behaves as wild type GFP does. The chromophore forming 

residues of GFP are well within the middle of the protein sequence at residues 65 

through 67.  While direct truncation of a bacterially expressed portion of GFP is 

possible, generation of a thioester peptide longer than 50 amino-acids is technically 

difficult.  In addition yields of purified peptide would be unacceptably low for the 

ligation reaction.  Since a shorter peptide is required (less than 30 amino-acids), we 

will need to modify GFP so that the N-terminus is within an acceptable peptide length 

from the chromophore forming residues. Generating a new N-terminus in the middle 

of the protein sequence means linking the existing N- and C- termini so that a single 

amino-acid chain is maintained. 

 The generation of new N- and C- termini while linking the existing N- and C- 

termini, known as circular permutation, has already been accomplished for GFP with 

mixed results [1, 2].  Of the circular permutants generated in these studies, those close 

to the flexible loops at the ends of the GFP barrel were the most fluorescent in cells 

and soluble cell lysates [2].  These studies used a short, flexible hexapeptide linker 
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(GSGGTG and GGTGGS) that is just long enough to join the wild type N- and C- 

termini (distance from N to C in 1GFL structure wt is 22Å, hexapeptide sequence is 6 

x 4.31Å or 25.86Å) [2].  Based on these results we chose to use a longer linker 

containing a hexahistidine purification tag between the wild type N- and C- termini 

and examine several sites close to the chromophore residues within the loops of GFP 

for new N- and C- termini.   

Plasmids for circular permutants were constructed and the expressed protein 

was studied by UV/visible absorbance, fluorescence, Raman spectroscopy, and mass 

spectroscopy.  The native chemical ligation step would most likely be carried out 

under strongly denaturing conditions and the ligation product would need to be 

folded.  Therefore, the most promising circular permutant was expressed insolubly in 

cells, the insoluble inclusion body fraction purified, solublized in urea denaturant, and 

de novo folded [3].  Folding was monitored by rise in fluorescence from the p-

hydroxybenzylidine chromophore as it forms within the properly folded protein. 
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Methods 

 

 

Cloning and Mutagenesis 

The gfp gene bearing the cycle 3 mutations (F99S, M153T, V163A) was 

obtained in the plasmid pIWT5563his (kindly provided by Dr. Andreas Plückthun, 

University of Zürich)[4].  The wild-type gfp gene with the superfluous Q80R 

mutation from the initial cloning out of A. victoria genomic DNA into the expression 

plasmid pRSETb was provided by Dr. Rebecca Wachter, Arizona State University 

(ASU).  Restriction endonucleases were obtained from New England Biolabs and 

Invitrogen.  DNA purification kits were purchased from Qiagen.  The expression 

plasmid pET23b was obtained from EMD/Novagen.  The NdeI restriction site 

contained within the gfp gene in the pIWT5563his plasmid was eliminated by silently 

mutating the codon for H77 from CAT to CAC using the primers 5’ 

CCGTTATCCGGATCACATGAAACGGCATGAC 3’ and 5’ 

GTCATGCCGTTTCATGTGATCCGGATAACGG 3’ via Quickchange mutagenesis 

(Stratagene) creating the plasmid pIWT5563his-NdeI. The GFP fragment (fragment 

1) corresponding to amino acids 50 to 228 and the first 7 amino acids of the designed 

linker from the pIWT5563his-NdeI plasmid was amplified by polymerase chain 

raction (PCR) from pIWT5563his by primers 

5’ GGAATTCCATATGACTGGAAAACTACCTGTTCC 3’, 
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5' CATGGTACCCGTTCCGCGTGGCACCAA 3'. Another GFP fragment (fragment 

2) corresponding to amino acids 3 to 49 and the remaining 12 amino acids from the 

pIWT5563his plasmid was amplified by PCR from pIWT5563his-NdeI using the 

primers 5' GTAGGTACCGGATCTAGACATCATCACCAC 3', 

5’ GACGAGCTCTTATTAAGTGCAAATAAATTTAAG 3’, both using pure Taq 

Ready-To-Go PCR Beads (GE Healthcare).  The resulting dsDNA fragments were 

purified and digested with NdeI (New England Biolabs) and KpnI (New England 

Biolabs) for fragment 1 and KpnI and SacI (New England Biolabs) for fragment 2.  

The digested and purified fragments were ligated to each other for 10 minutes at 16ºC 

using T4 DNA ligase (New England Biolabs) and then ligated into NdeI and SacI 

digested and purified pET23b overnight at 4ºC.  Ligation products were transformed 

into Escherichia coli strain XL1-Blue cells (Stratagene) and plated on ampicilin 

selective media 200 µg/mL.  Resulting colonies were grown in liquid media (Luria 

bertani (LB) ampicillin 200 µg/mL) and plasmid DNA was isolated (Wizard Plus SV 

Miniprep system, Promega).  The resultant plasmid was sequenced for the correct 

insert using a T7 promoter primer (ABI systems); yielding the plasmid p50-GFP.  

Similarly, the plasmids p48-GFP, p72-GFP, p82-GFP, and p88-GFP were constructed 

with corresponding primers (Table 2.1).  Modifications to the linker region, on the 

periphery of the gfp gene in the pIWT5563his-NdeI plasmid were also generated 

using this process creating the plasmid p50-GFP!.  The A206K mutation was created 

by Quickchange mutagenesis (Stratagene) using the primers 

5’ CTGTCGACACAATCTAAACTTTCGAAAGATCCC 3’ and 
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5’ GGGATCTTTCGAAAGTTTAGATTGTGTCGACAG 3’ into the p50-GFP! 

plasmid after assessing the stability of this circular permutant. 

Table 2.1. Primers used to generate circular permutants.  Plasmids were 
constructed by generating two fragments of DNA from the piWT5563-his plasmid; 
Fragment 1 consisting of residues starting from the amino-acid listed in the circular 
permutant name (i.e. residue 48 for 48-GFP) through to the C terminus and half of the 
linker sequence, Fragment 2 consisting of residues starting with the rest of the linker 
through the beginning of the GFP sequence ending at the residue just before where 
Fragment 1 starts.  Fragments 1 and 2 are cut with restriction endonucleases, ligated 
together, and then ligated into restriction endonuclease cut pET23b expression vector. 

 

Circular 
Permutant Fragment 1 Forward Primer 

48-GFP 5'TGTCATATGTGCACTACTGGAAAACTACCTGTTCCA3' 
50-GFP 5’GGAATTCCATATGACTGGAAAACTACCTGTTCC3’ 

50-GFP! 5’GGAATTCCATATGACTGGAAAACTACCTGTTCC3’ 
72-GFP 5'TGTCATATGTCCCGTTATCCGGATCACATGAAACGG3' 
82-GFP 5’TGTCATATGGACTTTTTCAAGAGTGCCATGCCCGAA3’ 
88-GFP 5'TGTCATATGCCCGAAGGTTATGTACAGGAACGCACT3' 

    
  Fragment 1 Reverse Primer 
  5'CATGGTACCCGTTCCGCGTGGCACCAA3' 
    
  Fragment 2 Forward Primer 
  5'GTAGGTACCGGATCTAGACATCATCACCAC3' 
    
Circular 
Permutant Fragment 2 Reverse Primer 

48-GFP 5'GTGGAGCTCTTATTAAATAAATTTAAGGGTAAGCTT3' 
50-GFP 5’GACGAGCTCTTATTAAGTGCAAATAAATTTAAG3’ 

50-GFP! 5’CGGGGTACCAATCCCAGCAGCTGTTACAAACTC3’ 
72-GFP 5'GTGGAGCTCTTATTAAAAGCATTGAACACCATAAGA3' 
82-GFP 5’GTGGAGCTCTTATTAATGCCGTTTCATGTGATCCGG3’ 
88-GFP 5'GTGGAGCTCTTATTAGGCACTCTTGAAAAAGTCATG3' 
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Protein Expression and Purification 

Soluble protein expression was carried out by transforming plasmid into E. 

coli BL21(DE3)-pLysS cells (Stratagene) and growing in 500 mL of LB media 

shaking 250 RPM at 37ºC supplemented with 200 µg/mL of ampicilin and 30 µg/ml 

of chloramphenicol to an OD600 of ~0.7.  After reducing the temperature of the media 

to 25ºC, isopropyl-"-D-thiogalactopyranoside (IPTG) (Gold Biotechnology USA) 

was added to a final concentration of 0.8mM to induce cells to express protein 

overnight.  Cells were harvested by centrifugation and stored at -20ºC.  After 

thawing, cells were resuspended in 40 mL per L cell culture 20mM sodium phosphate 

pH 7.9, 300mM NaCl (PBS buffer) supplemented with 10mM imidazole and lysed by 

passing through a french press 5 times.  Lysate was cleared by centrifugation at 

125,000 x g, passed through a 0.22 µm filter, and bound to a 5 mL bed volume of 

Ni2+-NTA resin (Qiagen).  Column bound protein was washed and subsequently 

eluted with PBS buffer containing 20mM and 100mM imidazole, respectively.  

Protein fractions showing green fluorescence were pooled and dialyzed against PBS 

buffer to remove imidazole.  Protein was concentrated using YM-10 centricon 

(Millipore) and characterized by UV/visible spectroscopy on a Cary-Bio 300 

spectrophotometer (Varian) and buffer baseline corrected.  Fluorescence 

measurements at 70nM protein were carried out on a Fluorolog-3 fluorimeter (Jobin 

Yvon-Spex) and buffer baseline corrected.  Protein prepared for X-ray crystallography 

was further purified through a Q-sepharose column and concentrated to 15 mg/mL, 
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flash frozen in 60 µL aliquots, and sent to Dr. Rebecca Wachter (ASU) for 

crystallization and structural analysis.  Raman spectroscopy was performed as 

detailed in Bell et al, 2000 [5].  Briefly, 70 µL of 200 µM protein was placed in  

2 x 2 mm cell and scanned 80 times from 2400 cm-1 to 400 cm-1 within 8 seconds.  

An equal amount of buffer was then placed in the cell and scanning repeated.  Using 

Grams/AI software (Thermo Scientific), the buffer spectrum was subtract from the 

protein spectra and the resulting spectra was baseline corrected.  

 

Insoluble Protein Expression and De Novo Folding 

Protein was expressed in inclusion bodies to high yield using protocols 

described by (Rosenow et al.) [6].  Briefly, plasmid was transformed into E. coli 

BL21(DE3) cells (Stratagene) and grown to mid-log phase (2 1/2 hrs).  The 

incubation temperature was then raised to 42ºC and IPTG was added to 0.8mM final.  

Cells were harvested after 3 hours by centrifugation at 5,000 x g for 20 minutes.  

Cells were resuspended and lysed by french press in 40 mL 50mM HEPES pH7.9, 

300mM NaCl, 5mM "-mercaptoethanol per liter culture and centrifuged for one hour 

at 125,000 x g.  The pelleted crude inclusion body preparation was successively 

reuspended and pelleted in 100mM Tris•HCl pH7.9, 500mM NaCl, 15mM EDTA, 

5mM DTT four times, with 2% Triton X-100 present in the first resuspension.  After 

a fifth resuspension in 50mM HEPES pH7.9, 50mM NaCl, 1mM DTT, the final 

inclusion body homogenate was flash frozen and stored as 1.5 mL aliquots at -80ºC. 
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De novo protein folding was carried out by resuspending a thawed inclusion 

body preparation of 50GFP! A206K in 25mM MES pH 8.5, 8M Urea, 0.1mM DTT 

for one hour and rapidly diluting dropwise into 100 fold 50mM Tris•HCl pH 8.5, 

500mM NaCl, 1mM DTT [7].  Dilute de novo folded protein was concentrated by 

Amcion 10K MWCO pressure cell and/or Cetricon centrifugal 10K MWCO filters, 

filtered through 0.22 µM PDVF syringe driven filters (Millipore), and dialyzed 

against PBS buffer. Protein was further purified by binding to Ni2+-NTA resin, 

washing with PBS buffer, eluting with 100mM imidazole in PBS, dialyzing against 

PBS, and concentrating by Centricon 10K centrifugal MWCO filters to needed 

concentrations. Alternatively, direct application of the dilute de novo folded sample to 

a Ni2+-NTA column, washing with PBS buffer, and elution with PBS buffer 

supplemented with 250mM imidazole yielded protein for characterization as well.  

Again, protein is dialyzed against PBS buffer and concentrated with centrifugal 

MWCO filters to needed concentrations or volumes.  Chromophore formation was 

monitored by fluorescence at 508 nm using a Fluorolog-3 fluorimeter and absorption 

measurements were carried out on a Cary-Bio 300 spectrophotometer. 

 

SDS-PAGE and Western Blotting 

Protein samples were diluted in equal volume of 2x SDS-PAGE loading 

buffer (100mM Tris base pH 6.8, 4% SDS, 0.2% bromopheol blue, 200mM 

dithiotheritol) and boiled at 95ºC for 10 minutes.  Samples were then centrifuged at 

14,000 RPM for 10 minutes and loaded into wells of a 15% polyacrylamide gel.  Gels 
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were typically run for 2.5 hours at 100V and protein bands were visualized by 

rocking overnight in Coomassie brilliant blue R-250 stain solution.  Excess 

Coomassie stain was removed with destain solution (50% methanol, 40% water, 10% 

acetic acid) and the gel digitally scanned. 

Gels for western blots were transferred to a nitrocellulose membrane by 30V 

electrophoresis overnight in 25mM Tris base, 192mM glycine, 20% methanol, pH 

8.3.  Total protein loading was visualized by incubating in Ponceau staining solution 

(0.2% w/v Ponceau red stain in 3%w/v trichloroacetic acid) for 5 minutes. Excess 

stain was removed with washes of distilled deionoized water and blocked by 

incubating in 5% non-fat dry milk in 1x TBS-T buffer (40mM Tris pH 7.6, 275mM 

NaCl, 0.1% Tween-20).  Primary antibody anti-6XHis IgG (Sigma-Aldrich) was 

added in 1:5000 dilution and incubated at room temperature for 2 hours.  The blot 

was washed with 3 rounds of 5% milk in TBS-T for 15, 5, and 5 minutes.  The 

secondary alkaline phosphatase conjugated anti IgG antibody (Sigma-Aldrich) was 

incubated with the blot for 2 hours and washing was repeated as earlier.  The blot was 

developed by adding 20 mL of 5-Bromo-4-Chloro-3'-Indolyphosphate p-Toluidine 

Salt/Nitro-Blue Tetrazolium Chloride (BCIP/NBT) (Thermo-Pierce Scientific) until 

bands developed (15 minutes), rinsed with distilled deionized water, and digitally 

scanned. 
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Results and Discussion 

 

 

Expression and Evaluation of Circular Permutants 

After construction of the circular permutant vectors, soluble expression of the 

resulting protein was preliminarily evaluated by visual inspection.  To assess 

fluorescence of each permutant, each cell pellet was visually inspected while 

illuminated with shortwave ultraviolet light.  Cell pellets exhibiting the characteristic 

green fluorescence of a fully formed p-hydroxybenzylidine imidazolinone 

chromophore within a protein barrel were purified; 48-GFP and 50-GFP.  The other 

circular permutant constructs (72-GFP, 82-GFP, 88-GFP) did not express protein 

exhibiting green fluorescence and were excluded as circular permutant candidates. 

Both fluorescent circular permutants (48-GFP primary sequence beginning at Cys48 

and ending at Ile47, 50-GFP primary sequence beginning at Thr50 and ending at 

Thr49; both permutants creating new termini in the loop that leads from one of the "-

barrel strands into the central ! helix) were then evaluated for expression, solubility, 

stability, and de novo folding efficiency to determine which would most suitable for 

subsequent experiments. 

Initial experiments analyzing candidate expression and solubility were 

conducted by either Coomassie stained SDS-PAGE gel of whole cell lysate or soluble 

cell lysate, thereby evaluating both the overall expression efficiency and solubility of 
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the expressed permutant.  Soluble cell lysates were then purified by Ni+2-NTA 

affinity chromatography to determine overall soluble expression and characterized by 

UV visible absorption.  Purification of the first candidate, 48-GFP, showed only a 

minor absorption peak at 397 nm relative to the absorbance signal from protein (A280) 

and co-purified with high molecular weight protein chaperones (Figure 2.1A and B).  

These results indicated protein instability.  Attempts to improve protein folding and 

yield by induction at a lower temperature (16ºC), longer inductions (48 hours), and 

adding additional cell nutrients (2% glucose) did not result in protein expression with 

improved chromophore formation (Figure 2.1A).  Although 48-GFP was expressed in 

high yield and could be isolated as an inclusion body preparation, attempts to de novo 

fold protein from this cellular fraction did not produce matured chromophore.  The 

inability of this permutant to produce large amounts of matured chromophore, either 

natively expressed or de novo folded, eliminated this permutant as a candidate for 

further experimental work. 

The other fluorescing permutant, 50-GFP, with termini two amino acids 

further into the GFP primary sequence and directly bisecting the loop, expressed as 

well in cells as 48-GFP, but produced significantly more green colored protein in the 

soluble cell lysate fraction.  Coomasie stained SDS-PAGE of a sample of the soluble 

cell lysate confirmed this soluble expression at the expected molecular weight.  A 

Ni2+-NTA purified sample of 50-GFP showed an absorption spectrum that is similar 

to wtGFP, with only a slight variation in the absorption maximum of the anionic peak 

(Figure 2.2B).  This discrepancy between absorption measurements is  
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Figure 2.1. Purification Profile and Absorption Spectra of 48-GFP.   
A. Ni2+-NTA purification of 48-GFP;  (1) whole cell lysate supernatant, (2) 
Invitrogen Benchmark Ladder, (3) Ni2+-NTA column flowthrough, (4) 10mM 
imidazole buffer wash, (5) 20mM imidazole buffer wash, (6) to (10) elution with 
100mM imidazole buffer. B. Absorption spectra of the purified 48-GFP shows a weak 
absorption point at 397 nm and a very large 280 nm peak indicative of very little 
chromophore formation relative to total protein within the sample. 

 

kDa          1       2     3      4       5        6      7      8      9     10 

19.4 
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37.1 
48.8 
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115.5 
181.8 

A. 

B. 
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matched in the fluorescence spectrum emission when irradiated at the anionic peak 

(475 nm) (Figure 2.2).  The 50-GFP candidate had absorption spectra matching 

wtGFP and was expressed in soluble yields similar to wtGFP.  To determine the 

orientation of the chromophore and the overall structure of 50-GFP as a circular 

permutant, large-scale samples were produced and sent to Dr. Rebecca Wachter at 

Arizona State University for protein crystallization and structural determination.  

These samples, upon shipment and storage at 4ºC, degraded into two fragments, of 

approximately 20 kDa and 7 kDa.  Anti-6xHis western blotting of these degredation 

fragments shows that the smaller fragment contains the hexahistidine tag, suggesting 

that proteolysis is occurring at the thrombin site adjacent to the histidine tag within 

the designed linker sequence (Figure 2.3).  

Redesign of the linker region to eliminate this thrombin site, thereby creating 

the construct 50-GFP!, significantly improved long term storage stability while 

maintaining a high level of protein expression indicating that the shortened linker 

region is still long enough to bridge the 22Å span at the end of the GFP barrel.   As 

detailed in Zacharias et al., introduction of an A206K mutation forces the protein 

beta-barrel into a monomeric state by interrupting dimer binding at a hydrophobic 

patch even at high protein concentrations at which dimers would usually form [8].   

Since the native chemical ligation reaction occurs in completely denaturing solution 

and the ligation product must be subsequently de novo folded, such an A206K  
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Figure 2.2. 
Purification, 
Absorption, and 
Fluorescence of 
50-GFP.   
A. Purification 
profile of 50-GFP; 
(1) whole cell 
soluble, (2) Ni-
NTA column 
flowthrough, (3) 
wash 0mM 
imidazole, (4) wash 
10mM imidazole, 
(5) wash 15mM 
imidazole, (6) wash 
20mM imidazole, 
(7) Benchmark 
Ladder, (8) 100mM 
imidazole elute.  
B. Absorption 
spectra of wtGFP 
(black line) and 50-
GFP (grey line), 
normalized to the 
397nm peak.  
C. Fluorescence 
emission spectra of 
wtGFP (black 
lines) and 50-GFP 
(grey lines) when 
excited into either 
the 397nm band 
(large peaks) for 
the neutral form of 
the chromophore or 
the 475nm band for 
the anionic form 
(smaller peaks) of 
the chromophore. 
 

27.6 
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Figure 2.3.  Western Blot analysis of 50-GFP degredation products and redesign 
of the linker region. A. Ponceau staining of nitrolcelulose transfer of SDS-PAGE 
gel; a large fragment of GFP is seen just below the 32.5 kDa marker with a minor 
cleavage fragement seen at the 7.6 kDa marker (6). Other lanes in the gel are from an 
unrelated experiment B. Anti-6xHis antibody staining of this blot shows the 6xHis 
tag, part of the designed N/C termini linker, within the smaller cleaved fragment. C. 
sequence of the linker region containg the thrombin cleavage site encoded from the 
original pIWT5563his plasmid DNA and redesigned linker eliminating this thrombin 
site. 
 

mutation may aid in preventing protein-protein interactions and aggregation while the 

protein folds and forms chromophore.  
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50-GFP! A206K exhibits absorption and fluorescent emission 
similar to wtGFP. 

 
 Redesign of linker region and the introduction of the A206K monomer-

promoting mutation did not have any deleterious effect on both the cellular 

expression of the protein or on the solubility of the expressed construct, as evaluated 

by the method listed above.  While this construct, termed 50-GFP! A206K, matches 

the absorption spectra of wtGFP closely, the fluorescence spectrum of this variant 

excited at 475 nm shows a slight decrease in emission at 503 nm relative to the same 

excitation of wtGFP (Figure 2.4).  These differences in absorption and fluorescence 

properties suggest there may be differences in the structure of 50-GFP! A206K and 

wtGFP that may interfere with the normal kinetics of chromophore formation, 

potentially limiting our ability to use subtle changes within the chromophore structure 

to gain insight into wtGFP formation.  To determine whether the slight difference in 

spectroscopy could hinder further investigation, we performed a detailed analysis of 

50-GFP! A206K structure to compare the to previously published structure of 

wtGFP. 

Intense irradiation of the chromophore with shortwave light (254 nm or 280 

nm light) causes Glu222 decarboxylation via a Kolbe type mechanism that is seen 

within the wtGFP in the presence of a full hydrogen-bonding network [9, 10].  

Therefore, we demonstrated decarboxylation in the circular permutant matches the 

decarboxylation of wtGFP, indicative of a chromophore within 50-GFP! A206K that 

is in a similar hydrogen bonding network to wtGFP (Figure 2.5).   
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Figure 2.4. 
Characterization of 
wtGFP and 50-
GFP! A206K; 
purification, 
absorption, and 
fluorescence spectra.  
A. SDS-PAGE gel of 
GFP purification, (1) 50-
GFP! A206K whole cell 
lysate, (2) broad range 
ladder, (3) 50-GFP! 
A206K whole cell 
lysate, (4) Ni2+-NTA 
flowthrough, (5&6) low 
imidazole buffer washes, 
(7) 50-GFP! A206K 
elutant, (8) empty, 9 to 
(15) same as lanes 1 to 
7, but for wtGFP. B. As 
with wtGFP (black line), 
the circular permutant 
50-GFP! A206K (grey 
line) exhibits a peak at 
397 nm and 475 nm, 
corresponding to the 
neutral and anionic 
forms of the GFP 
chromophore.  
C. Fluorescence spectra 
of 70 nM of each protein 
excited at 397 nm and 
475 nm corresponding to 
the absorption maxima 
in B (wtGFP in black, 
50GFP! A206K in 
grey). 
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Figure 2.5.  Irreversible photoconversion of 50-GFP! A206K and wtGFP due to 
UV irradiation induced decarboxylation at Glu222.  Samples of wtGFP and  
50-GFP! A206K were irradiated at 30 second intervals and the absorption spectrum 
scanned.  A rise in the 475 nm absorption band indicates a conversion of the neutral 
form of the chromophore to an anion by disruption of the hydrogen bonding network 
in each sample caused by decarboxylation at Glu222 that permits the phenol of the 
chromophore to adopt an anionic species. 
 

Circular permutant 50-GFP! A206K is structurally similar to 
wtGFP.  

 
 The overall structure of 50-GFP! A206K, derived by X-ray scattering 

crystallography, is highly similar to wtGFP with all eleven strands of the beta-barrel 

folding well around the central strained helix (Figure 2.6A).  The 6xHis tag linker 

between the original N- and C- termini of the protein is visible within the structure 

and has distinct electronic density suggesting a well ordered and stable linker at the 

top of the protein barrel.  In the cyclized version of GFP, expressed in the 

pIWT5563His construct published by Iwai at al., the linker that joins the N- and C- 

termini is not visible in the electronic density map and was modeled into the structure 

A. 
50-GFP!  A206K 

B. 
wtGFP 
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as methionines [11].  This result suggests a very flexible linker loop that does not 

form one predominant conformation within the crystal structure and may be subject to 

undesired thrombin proteolysis.  This result confirms the need to redesign of the 

linker to a shorter sequence and eliminate the proteolytic site to improve overall 

protein stability.  The newly generated N- and C- termini at residues 50 and 49, 

respectively, overlay well with the wtGFP structure (PDB ID: 1GFL), although the 

electronic density of residues 50 through 52 is missing, indicating that the break at 

this position causes the remaining loop at the end of the barrel to adopt multiple 

conformations (Figure 2.6A). 

The chromophore of 50-GFP! A206K is well ordered within the protein 

barrel and the residues involved in the hydrogen bonding network, essential for 

fluorescence, are intact and in nearly identical conformations to wtGFP (Figure 2.6B).  

The only variation in this structure is the flipping of the imidazole ring of H148 closer 

to the chromophore phenol relative to this residue in wtGFP.  The closer proximity of 

the imidazole ring to the chromophore may be responsible for the decreased emission 

of the anionic mode (i.e. 503 nm emission when irradiated at 475 nm) of the 

chromophore by promoting hydrogen bonding to the imidazole nitrogen upon 

excitation (Figure 2.6B). 
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Figure 2.6. Structural Overlay of wtGFP (PDB ID: 1GFL) and 50-GFP!  A206K.  
A. wtGFP is in light green, 50-GFP! A206K is in green.  The linker containing the 
6xHis tag joining the N and C termini of the circular permutant is shown in light blue 
and the new N and C termini are shown in red. B. Overlay of residues surrounding the 
chromophore in wtGFP and 50-GFP! A206K.  The hydrogen-bonding network in 
GFP is shown in black.  Potential interaction and distances of the imidazole nitrogen 
of His148 in the two molecules to the chromophore phenol is shown in blue. 
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Figure 2.7. Raman spectrum of wtGFP and 50-GFP! A206K.  Peaks 
corresponding to vibrational modes of the chromophore are indicated with their 
corresponding wavenumber, wtGFP in black and 50-GFP! A206K in grey. 

 

A ground state vibrational analysis of the chromophore by Raman spectroscopy 

reveals a spectrum that closely resembles the spectrum of the wtGFP chromophore 

(Figure 2.7).  Bands that are present in both wtGFP and 50-GFP! A206K include the 

phenol modes of the chromophore (1567 cm-1, 1323 cm-1, and 1249 cm-1), carbon-

hydrogen bond deformation within the phenol ring and in the remainder of the 

chromophore (1172 cm-1 and 1452 cm-1, respectively), carbonyl stretching  

 (1660 cm-1), and modes from carbon-carbon stretching of the imidazolinone ring  

(1055 cm-1 and 1006 cm-1) [5, 12].  With no extraneous bands or drastic peak 



 47 

movements in the spectrum relative to wtGFP, the chromophore in 50-GFP! A206K 

appears to be in a protein environment that very closely matches wtGFP.  This 

potentially indicates that proximity of the side chain of His148 to the phenol of the 

chromophore has only a minimal effect on the ground state of the chromophore.  

Were the phenol of the chromophore in 50-GFP! A206K affected by the proximity of 

His148, thereby modulating the ionization state, the major phenol band at 1567 cm-1 

would be altered, as seen in the ground state Raman spectrum of S65T GFP at pH 8.0 

(Figure 7c in Bell et al., 2000) [5].   Time-resolved infrared and Raman studies of  

50-GFP! A206K and wtGFP may reveal further similarities or subtle differences in 

the excited state behavior of the chromophore.  

Mass spectral analysis of the expressed 50-GFP! A206K variant is consistent 

with the expected mass for protein with a mature dehydrated and oxidized 

chromophore.  With no mass spectral peaks corresponding to completely or partially 

immature chromophore, it appears that the expressed circular permutant efficiently 

forms chromophore post-translationally within the protein barrel (Figure 2.8).   
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Figure 2.8.  Flow injection ESI-MS of purified 50GFPa A206K in positive mode.  
Multiple ionization peaks were deconvoluted and compute to a mass of 27194.4 ± 
3.5, the expected mass of the mature chromophore protein is 27195.5. 
 

The timescale of this maturation, monitored by de novo folding of urea 

solubilized 50-GFP! A206K inclusion bodies via fluorescence emission at 508 nm 

over time, is on the same order of magnitude as previously published data for the de 

novo folding of the S65T mutant of wtGFP (Figure 2.9B) and yielded protein whose 

absorption spectrum matched that of the natively expressed protein (Figure 2.9A) [3]. 

Initial experiments of de novo folding at 100x dilution with denatured protein 

concentrations at approximately 1.75 mg/ml showed a high initial fluorescence signal, 

suggesting scattering of incident excitation light from improperly folded protein 

aggregates in solution.  Additionally, yields of matured 50-GFP! A206K from de 

novo folding of inclusion bodies using this method were approximately 1%.   
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Figure 2.9.  Comparison of de novo folded to natively expressed  
50-GFP!  A206K.  A. Absorption spectra of 50-GFP! A206K of both the natively 
expressed and de novo folded protein, ratios the major absorption bands are shown in 
the inset table. B. Rate of de novo folding reveal that the rate of chromophore 
formation for 50-GFP! A206K from inclusion bodies is close to published rates of 
chromophore formation for S65T GFP. 
 

folded native ratio folded to native
280 nm 0.25 1.02 0.25
397 nm 0.23 0.88 0.26
475 nm 0.06 0.21 0.28

B. 

A. 
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Figure 2.10. Optimizing de novo folding of the 50-GFP!  A206K circular 
permutant by varying denatured protein concentration.  Denatured 50-GFP! 
A206K inclusion bodies were diluted to the indicated protein concentration listed in 
bold in A.  Protein was then folded by rapid dilution into 50 fold rapidly stirring 
folding buffer and concentrated/isolated via Ni2+-NTA purification.  Resulting protein 
was concentrated to 1 mL exactly and quantified by UV/vis absorption B.  Denatured 
protein samples at a each dilution and the resultant de novo folded protein is 
visualized in C. (1) denatured protein at 1.75 mg/mL, (2) 1.0 mg/mL, (3) 0.5 mg/mL, 
(4) 0.25 mg/mL, (5) 0.125 mg/mL, (6) 0.0625 mg/mL, (7) NEB Broad Range Ladder, 
folded samples at (8) 1.75 mg/mL, (9) 1.0 mg/mL, (10) 0.5 mg/mL, (11) 0.25 mg/mL, 
(12) 0.125 mg/mL, (3) 0.0625 mg/mL.  D. Percent yield of mature folded protein 
recovered from de novo folding based on the quantity of chromophore from the fixed 
amount of denatured protein folded. 

Protein (mg) 2 2 2 2 2 2 
denatured volume (mL) 1.14 2 4 8 16 32 
concentration (mg/ml) 1.75 1 0.5 0.25 0.125 0.0625 
       
50X Dilute fold into (mL) 48.86 98 196 392 784 1568 

Percent Yields 
Vary Concentration: 
1.75 mg/ml 0.95% 
1.0 mg/ml 1.86% 
0.5 mg/ml 3.66% 
0.25 mg/ml 7.34% 
0.125 mg/ml 9.70% 
0.0625 mg/ml 13.21% 

B. 

C. D.   1   2   3   4  5  6   7  8  9 10 11 12 13  

A. 
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protein (mg) 2 2 2 2 2 
denatured volume (mL) 32 32 32 32 32 
concentration (mg/mL) 0.0625 0.0625 0.0625 0.0625 0.0625 
      
dilution factor 20 30 50 75 100 
dilution volume (mL) 608 928 1568 2368 3168 

 

 

 

 

 

 

 

 

 
 
Figure 2.11.  Optimization of de novo folding by modulating folding buffer 
dilution factor.  Denatured 50-GFP! A206K inclusion bodies were diluted to 0.0625 
mg/mL in denaturation buffer and folded by rapid dilution into folding buffer at the 
listed dilution factor in bold listed in A.  Diluted protein was concentrated and 
isolated from folding buffer by flowing over Ni2+-NTA, then concentrating to exactly 
1 mL and absorption spectra in B. were obtained. C. Protein samples were run on a 
15% SDS-PAGE gel for total protein visualization, (1) empty, (2) concentrated 
inclusion body suspension (1.75 mg/mL), (3) inclusion bodies diluted to  
0.0625 mg/mL, (4) NEB Broad Range protein ladder, (5) 100X dilution folding, (6) 
75X dilution folding, (7) 50X dilution folding, (8) 30X dilution folding, (9) 20X 
dilution folding. D.  Percentage yield of folded mature protein recovered from de 
novo folding based on the absorption of the neutral band on chromophore. 
 

 

Percent Yields 
Vary Dilution: 
  
20X folding 5.02% 
30X folding 7.89% 
50X folding 11.53% 
75X folding 15.36% 
100X folding 20.65% 

A. 

B. C. 

D. 

1   2  3   4  5   6   7   8  9   
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Optimizations of de novo folding at various denatured protein concentrations and 

several dilutions of folding factors were performed to decrease aggregate formation 

and improve folding yields.  Yields of de novo protein folding improved significantly 

with a lower concentration of denatured protein in solution and with greater dilution 

factors (Figures 2.10 and 2.11), reaching a practical limit of 0.0625 mg/mL denatured 

protein in urea solution diluted 100 fold into rapidly stirring buffer.  At these 

concentrations, the yield of de novo folding was improved to approximately 20%, 

sufficient for subsequent de novo folding of the ligation reaction products (Figure 

2.11D).   
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Summary 

 

 

To chemically access the chromophore forming residues within the middle of 

the amino-acid sequence of GFP using a synthetic method, we developed a circular 

permutant with an N-terminus only 15 amino-acids away from the chromophore 

forming residues, derived from a previously published fully circularized GFP 

construct [4].  This permutant would limit the size of the chemically expressed 

peptide to only 21 amino-acids, well within the range of SPPS techniques. The initial 

well-expressing permutant construct, 50-GFP, had a long flexible linker connecting 

the N- and C- termini that was subject to proteolysis upon storage.  A redesign of this 

linker and the introduction of a monomer promoting A206K mutation, generating 50-

GFP! A206K, produced a construct that expresses well and is stable. 

Steady-state absorption and fluorescence spectroscopy on the 50-GFP! 

A206K circular permutant revealed a spectrum that matched wtGFP.  The only 

notable deviation in these steady-state measurements is a slight decrease in the 

absorption and emission of the anionic from of the chromophore.  This decrease may 

be due to stabilization of the anionic form of the chromophore by His148 that is 0.83 

Å closer to the ionizable chromophore phenol.  While there is a small deviation in 

structure, ground-state Raman spectra show that the chromophore exhibits no 

additional vibrational bands or significant changes in peak height relative to the 
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wtGFP chromophore.  This result would suggest that the repositioning of His148 has 

a negligible effect on the photophysics of the chromophore in this permutant. 

Lastly, this circular permutant was optimized for de novo folding, since the 

ligation reaction products of peptide to a truncated version of this protein will need to 

be de novo folded in completely denaturing conditions.  With recovered yields of de 

novo folding approaching 20%, this circular permutant construct is a suitable for 

subsequent truncation and ligation work. 
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Introduction 
 
 
 
 
 

The unique chemistry of selectively joining one unprotected peptide or protein 

with a C-terminal thioester to another unprotected protein or peptide with an N-

terminal cysteine has its biological origins in the intein reaction.  Inteins were first 

discovered and described in yeast where the vma1 gene product produced two distinct 

protein fragments from one gene [1].  The chemistry of the splicing reaction was 

detailed by Paulus and revealed that the intein promotes a series of chemical reactions 

as follows: N to S acyl shift of the peptide chain N-terminal creating a thioester, 

esterification of the resulting thioester to form a branched peptide intermediate with 

the Cys residue immediately C-terminal to the intein, and finally an S to N acyl shift 

forming a stable peptide bond [2].  The extein, the peptides just N- and C- terminal to 

the intein which the intein joins chemically, is then ejected from the intein complex 

generating two protein fragments from one translation product (Figure 3.1A).  

Introducing a mutation that prevents the splicing reaction (i.e. esterification to the C-

terminal segment Cys) from completing but permitting thioester formation, generates 

an active thioester ready for ligation to a synthetically produced peptide with an N-

terminal Cys residue.   

Completing such a reaction, usually with the intein immobilized to chitin resin 

via an N-terminal chitin binding domain tag, ligates the synthetically generated 

peptide to the C-terminus of the bacterially expressed protein, in a reaction termed 
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Expressed Protein Ligation (EPL) [3] (Figure 3.1B).  Joining two peptide fragments 

(one a C-terminal thioester and the other with an N-terminal Cys) in the absence of 

the intein subunit was pioneered by the Kent lab [4].  This intein-less reaction, termed 

Native Chemical Ligation (NCL), uses an organic thiol to promote the 

transesterification reaction (Figure 3.1C). 

The NCL reaction permits the ligation of synthetically generated peptides, 

with the desired modifications to the chromophore forming residues, to a truncated 

version of 50-GFP! A206K, the circular permutant mimic of wtGFP.  This strategy 

will allow for the incorporation of unnatural amino acid residues to probe either the 

formation or  modulate the spectroscopy of the chromophore. Since the chromophore 

forming residues in the 50-GFP! A206K protein are close to the N-terminus in the 

primary sequence, the two peptides that would be needed are a short synthetic peptide 

thioester that includes the chromophore forming residues, and a truncated version of 

50-GFP! A206K with an N-terminal cysteine.  The closest cysteine past the 

chromophore residues, Cys70, will be used as the ligation point for thioester peptides.  

Generation of this truncation protein, termed 50T70GFP! A206K, was 

attempted using several methodologies.  While the traditional means of generating 

such a truncation construct using the above-described intein mediated approach was 

attempted, the truncated protein did not expressed solubly in necessary yields.  Direct 

truncation of the circular permutant up to residue Cys70 leaves a start codon 

generated N-terminal methionine, thereby being ineffective as a ligation reactant.  

Therefore, endoproteases were used to produce an N-terminal cysteine protein.   
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Figure 3.1.  Mechanism of intein splicing and native chemical ligation.  A. The N-
terminal extein undergoes an N to S acyl shift and then esterifies to the cysteine side 
chain that begins the C-terminal extein.  Formation of the asparagine residue of the 
intein cleaves the native peptide bond liberating the joined exteins.  The exteins 
undergo a final S to N acyl shift generating a stable peptide bond. B. Splitting the 
intein and attaching it to a chitin binding domain allows isolation and purification of 
either an expressed thioester peptide or an N-terminal cysteine peptide C.  native 
chemical ligation requires only a C-terminal thioester peptide and an N-teminal 
cysteine peptide. Esterification joins the two peptide segments liberating a thiol side 
product.  A final S to N acyl shift generates a stable peptide bond. 
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Since the initial truncated variants generated via the intein fusion method were not 

soluble, protein was expressed insolubly in inclusion bodies and solubilized in high 

molar urea solution.  This denatured, but soluble protein preparation was reduced to 

low urea concentration by dialysis, and proteolysis attempted with either Factor Xa or 

with enterokinase.  While Factor Xa proved to be intolerant of denaturing 

concentrations necessary to keep the tagged truncation construct soluble, enterokinase 

produced the desired truncated construct in large quantity.  Protein was isolated from 

buffer by reverse phase high performance liquid chromatography (HPLC), yielding 

protein suitable for NLC and free of excess enterokinase and proteolyzed tag in high 

yield (approximately 20 mg per preparation).  Our focus then turned to the synthesis 

of peptide thioester to ligate onto this truncated 50T70GFP! A206K protein.  

 

Thioester Peptide Synthesis Strategy 

The generation of peptide thioesters for use in native chemical ligation has 

proven challenging to date.  While peptide thioesters may be synthesized using Boc-

SPPS chemistry, these methods require the use of highly toxic HF as a final side-

chain deprotection treatment that is not compatible with many laboratory 

environments [4-6].  For this reason, Fmoc based SPPS methods to generate a 

thioester peptide were explored.  The problem with incorporation of a thioester 

tagged amino acid onto Fmoc-compatible solid phase resin is the ease with which 

thioesters may be converted to carboxylic acids under the basic conditions (20% 

piperidine) needed for Fmoc deprotection [7].  Recent work demonstrates several 



 62 

methods for the generation of thioester peptides on Fmoc-SPPS compatible resin [8-

10].  Two notable methods are the use of a backbone amide linker and a ‘safety-

catch’ acylsulfonamide linker. 

The backbone amide linker (BAL) method uses a resin bound trialkoxybenzyl 

handle to couple the backbone amine of an allyl esterified amino acid to the resin 

(Figure 3.2A).  Synthesis of the peptide continues on the amine of the coupled allyl 

amino-acid.  To generate the thioester, the allyl group is selectively removed leaving 

a free C-terminal carboxylic acid and a pre-formed thioester glycine is coupled to the 

available carboxylic acid [11].  TFA treatment of the peptide removes side-chain 

protecting groups and liberates the thioester peptide from resin.  A derivative of this 

method uses the unprotected side chain of an allyl protected carboxylic acid 

glutamate residue as the attachment point to resin [12].  Again, deprotection of the 

allyl group leaves a C-terminal carboxylic acid available for coupling to a glycine 

thioester.  As the side chain of the protected Glu residue is attached to an amide based 

resin, this amino-acid is converted to a glutamine residue. 

The Kenner ‘safety-catch’ resin method allows coupling of the C-terminal 

amino-acid onto the amine of the acylsulfonamide linker and peptide synthesis 

proceeds using the PyBOP coupling reagent (Figure 3.2B).  The sulfonyl group is 

activated to an alkylsulfonamide group by treatment with either 

trimethylsilyldiazomethane or iodoacetonitrile in N,N-diisopropylethylamine.  The 

thioester is then liberated from resin by coupling to ethyl-3-mercaptopropionate using  
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Figure 3.2.  Two methods of thioester peptide generation using Fmoc-based solid 
phase synthesis.   
A. The BAL method links an allyl protected amino-acid to the functionalized resin. 
Peptide synthesis is then completed and the allyl group is removed.  Coupling a 
glycine thioester to the free carboxylic acid C-terminus generates the thioester 
peptide.  TFA treatment liberates and side-chain deprotects the thioester peptide.  
B. The Kenner ‘safety catch’ allows peptide synthesis to progress using standard 
coupling reagents.  After activation of the sulfonamide group, thiophenate-catalyzed 
thiolysis liberates the peptide from resin.  Deprotection of side-chain protecting 
groups with TFA yields the thioester peptide. 
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Figure 3.3. Attempted generation of a thioester peptide by using a side-chain 
anchored C-terminal protected amino acid scaffold.  An allyl protected glutamate 
residue is loaded onto resin via the unprotected side chain.  Solid-phase synthesis 
continues with standard coupling reagents on the backbone amine and the N-terminal 
amino-acid is protected with an acetic anhydride treatment.  Palladium catalyzed 
hydrolysis of the allyl group using N-methylmorpholine in acetic acid/chloroform 
solvent generates a free carboxylic acid to which thiol coupling was attempted. 
 

thiophenate as a catalyst and side-chain protecting groups liberated with TFA, 

thiolysis liberates the peptide from resin yielding the thioester peptide [13].  While 

this method has the benefit of not requiring a thioester glycine scaffold as a means of 
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the peptide from resin during the alkylsulfonamide activation step and long reaction 

times when loading the C-terminal amino-acid [14, 15]. 

Our initial strategy to generate a peptide thioester was a modification of the 

method described in Dolphin, 2006 [12].  The needed sequence for ligation has a C-

terminal glutamine, therefore, instead of coupling a glycine thioester to the C-

terminal amino acid, direct esterification of the allyl deprotected glutamate residue 

was attempted (Figure 3.3).  Using N,N'-dicyclohexylcarbodiimide (DCC) in 5% 

dimethylaminopyridine/DMF with differing thiols yielded only a peptide with a 

carboxylic acid C-terminus. 

Suspecting limited chemical access of the C-terminal carboxylic acid group to 

coupling reagents while still attached to resin or premature hydrolysis of the thioester 

peptide during subsequent synthesis steps, a method to couple thiols to a resin free 

side-chain protected peptide was developed (Figure 3.4).  Serendipitously, this 

method closely matched previously published methodology [16-21].  This method 

was therefore employed and genreated the peptide thioester in yields sufficient for 

native chemical ligation. 
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Figure 3.4.  Synthesis of peptide thioester via a resin free protected peptide 
intermediate.  Peptides were synthesized on chrolotrityl resin preloaded with trityl 
side-chain protected glutamine.  Tyrosine(tbu)-OH or a designed unnatural amino-
acid (outlined box) was inserted into the SPPS sequence at the appropriate position.  
The peptide was N-terminally protected by capping with acetic anhydride and 
liberated as a protected peptide with hexafluoroisopropanol in chloroform.  Peptide 
was then esterified with an alkyl thiol and then side-chain deprotected with 
trifluoroacetic acid. Side chain protecting groups are listed as apostrophes as in; X’. 

 

 

 

 

Q ' V G Y ' S ' F T ' T ' V L T ' P W ' P V P L K ' G T ' M 
0 . 3 

  
M 

  
A c e t i c 

  
A n h y d r i d e 

Q ' V G Y ' S ' F T ' T ' V L T ' P W ' P V P L K ' G T ' M - A c 
1 : 4 

  
H F I P : C H C l 3 

H O - Q ' V G Y ' S ' F T ' T ' V L T ' P W ' P V P L K ' G T ' M - A c 
8 
  
e q . 

  
D I P E A 

4 
  
e q . 

  
H B T U 

Q ' V G Y ' S ' F T ' T ' V L T ' P W ' P V P L K ' G T ' M - A c 
9 5 % 

  
T F A , 

  
2 . 5 % 

  
H 2 O , 

  
2 . 5 % 

  
T I S 

Q V G Y S F T T V L T P W P V P L K G T M - A c 

Q ' N H 2 

N H 2 

O S O 

O S O 

S P P S C h l o r o - T r i t y l 
  
R e s i n 

O 
H N 

H O O F m o c 

t B u 

O 
H N 

H O O F m o c 

t B u 

H N 
H O O F m o c 

O 
H N 

N F m o c 

t B u 

F 
F 

O 
t B u O H O B o c 

O 
N 

H O O F m o c 

t B u 

O S H O 
4 
  
e q . 



 67 

Native Chemical Ligation Strategy 

Initial ligation conditions followed the extensively used protocol developed by 

Dawson [4, 8, 12, 13, 22].  N-terminal cysteine protein and C-terminal thioester 

peptides are suspended in denaturing solution at near neutral pH and the ligation 

reaction is initiated with the addition of 1-4% thiophenol and/or benzylmercaptan 

(Figure 3.5).  The highly reactive added organic thiol displaces the resident thiol of 

the thioester and promotes transesterification to the N-terminal cysteine, thereby 

linking the two peptides together.  A final intramolecular S-to-N acyl shift generates 

the native peptide bond, stably joining the two peptides. 

Ligation of the enterokinase cut 50T70GFP! A206K with the 21-amino acid 

thioester peptide under these conditions caused the protein to precipitate out of 

solution and de novo folding of this reaction produced an insignificant amount of 

fluorescing protein.  Since thiophenol is only sparingly soluble in aqueous solutions, 

excessive amounts of this catalyst are needed to drive a native chemical ligation 

reaction.  Suspecting that the excess organic thiol (up to 4%) was causing protein 

precipitation in these initial ligation reactions, a water-soluble homologue of 

thiophenol, 4-mercaptophenyl acetic acid (MPAA), was used for further experiments 

[23].  This ligation catalyst was used in much lower concentration in solution and did 

not cause protein precipitation.   

Ligation reactions using small peptides are usually combined at 1mM or more 

[8, 22, 24].  Since this reaction will ligate a 220 amino-acid GFP barrel with the 21  
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Figure 3.5.  Native chemical ligation reaction promoted by in situ 
transesterification with reactive thiols.  Alkyl thioesters on the peptide c-termini 
are displaced with a much more reactive benzylmercaptan or thiophenol.  
Mecraptophenyl acetic acid can be used as a water soluble alternative to thiophenol.  
These groups promote the transeterification of the thioester peptide onto the side 
chain of the N-terminal cysteine.  An intramolecular S to N shift yields a peptide 
bond.  Thiol and carboxylic acid groups shown ionized as they would be at pH 8.  
Potential base-catalyzed hydrolysis of thioester peptides shown in grey. 
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amino-acid synthetic barrel, a lower concentration of protein was used (0.25mM) to 

prevent protein tangling of 50T70GFP! A206K in denaturing solution.  Additionally, 

as the N-terminal cysteine of 50T70GFP! A206K may not be as optimally accessible 

as a cysteine on a small peptide would be (i.e. may be partially buried in denatured 

protein conformations), peptide thioesters were used in 2 to 10 molar excess to 

promote the ligation reaction as the N-terminal cysteine becomes accessible.  For this 

same reason, ligation reaction were carried out at pH 8 to ionize the N-terminal 

cysteine sulfur (pKa 8) and promote ligation [25].  While the N-terminal cysteine is 

partially deprotonated at pH 8, base-labile thioesters may hydrolize to non-reactive 

carboxylic acids (Figure 3.5) [26].  Several molar excess of thioester would mitigate 

any errant hydrolysis. 

After ligation reactions were optimized, products were diluted into high molar 

urea buffer and de novo folded into 100-fold buffer.  Application of the folded protein 

solution to Ni2+-NTA affinity chromatography effectively concentrated and purified 

the protein.  Ligated, de novo folded protein was characterized by UV visible 

absorption, fluorescence emission, and MALDI mass spectroscopy. 
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Methods 

 

 

Cloning and Mutagenesis 

Using the p50-GFP! A206K plasmid as template, the truncated DNA 

sequence encoding residues 70 through 228, the designed linker, and residues 3 

through 49 on a single plasmid were amplified by PCR using the primers 

5’ GGTGGTGCTCTTCTAACTGCTTTTCCCGTTATCCGG 3’ and 

5’ TTGGTTCTGCAGTTATTAAGTGCAAATAAATTTAAG 3’.  The resulting 

amplified gene and pTWIN1 vector (New England Biolabs) were digested with PstI 

(New England Biolabs) and SapI (New England Biolabs).  The gene was ligated into 

the cut pTWIN1 expression vector and transformed into E. coli XL1-Blue cells 

(Stratagene) on ampicilin selective media.  Resulting colonies were grown in LB, 200 

µg/mL ampicilin, and plasmid DNA was isolated (Wizard Plus SV Miniprep system, 

Promega). The gene insertion, creating plasmid p50T70GFP! A206K-ptwin, was 

confirmed by Sanger sequencing using a T7 promoter primer (ABI systems). 

The endoprotease sequence for factor Xa and enterokinase was inserted using 

two rounds of Quickchange mutagenesis (Stratagene).  Modification of codons in the 

p50GFP! A206K plasmid ahead of Cys70 to the factor Xa sequence (Y66I/G67E/ 

V68G/Q69R) used either primer set 

5’ GTCACTACTTTCTCTATTGAAGTTCAATGCTTTTCC 3’ and 
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5’ GGAAAAGCATTGAACTTCAATAGAGAAAGTAGTGAC 3’ or 

5’ ACTTTCTCTATTGAAGGTCGTTGCTTTTCCCGTTAT 3’ and 

5’ ATAACGGGAAAAGCAACGACCTTCAATAGAGAAAGT 3’.  Isolated 

plasmids were sequenced with a T7 promoter primer, confirming the codon changes, 

yielding the plasmid p50GFP! A206K-Factor Xa.   

Similarly, the enterokinase recognition sequence was added into the 

p50GFP! A206K-Factor Xa plasmid N-terminal to Cys70 

(S65D/Y66D/G67D/V68D/Q69K) via Quickchange mtagenesis by using the two sets 

of primers 5’ TTGTCACTACTTTCGATGATGAAGGTCGTTGCTTTTC 3’ and 

5’ GAAAAGCAACGACCTTCATCATCGAAAGTAGTGACAA 3’ or  

5’ ACTTTCGATGATGATGATAAATGCTTTTCCCGTTATC 3’ and 

5’ GATAACGGGAAAAGCATTTATCATCATCATCGAAAGT 3’ yielding the 

plasmid p50GFP! A206K-Entero.  The plasmid was sequenced using a T7 promoter 

primer. 

 

Protein Expression and Purification 

The constructed plasmid p50T70GFP! A206K-ptwin was transformed into 

BL21(DE3)-pLysS (Stratagene) cells and grown in 500 mL LB media shaking at 250 

RPM with 200 µg/mL of ampicilin and 30 µg/ml of chloramphenicol at 37ºC for 2 ! 

hours.  The temperature was reduced 30 minutes prior to induction to either 25ºC or 

16ºC and cultures induced with 0.3mM IPTG and then cultured overnight.  Cells were 



 72 

centrifuged at 5,000x g to pellet and stored at -20ºC.  Cell pellets were resuspended in 

40 mL per L cell growth chitin binding buffer (10mM HEPES pH 8.5, 

500mM NaCl, 1mM EDTA) and lysed via sonication at 18W in 45 second bursts in 

1-minute intervals.  Lysate was centrifuged at high speed (125,000 x g) for 90 

minutes to pellet crude cell debris and filtered through a 0.22 µm filter.  Supernatant 

was loaded onto 5 mL of chitin beads pre-exchanged into chitin binding buffer and 

washed with 10 column volumes of chitin binding buffer.  Protein on column was 

washed again quickly with 3 volumes of chitin elution buffer (10mM HEPES pH 7.0, 

500mM NaCl, 1mM EDTA), exchanged into chitin-Ni2+-NTA buffer (10mM HEPES 

pH 7.0, 500mM NaCl), and stored at room temperature overnight to permit intein 

self-cleavage of the truncated protein construct. Column flow through was saved and 

dialyzed against 3 L of 10mM HEPES pH 7.0, 500mM NaCl, 10mM imidazole prior 

to loading onto a Ni2+-NTA resin column.  Column eluants were further analyzed and 

purified by binding to Ni2+-NTA resin, washing with chitin-Ni2+-NTA buffer 

supplemented with 10mM imidazole, and eluted with chitin-Ni2+-NTA buffer 

supplemented with 100mM imidazole.  Eluting fractions were evaluated for truncated 

protein (termed 50T70GFP! A206K) by Coomassie stained SDS-PAGE gel. 

 

Insoluble Expression of Protein and Endoproteolyic Cleavage 

The plasmid p50-GFP! A206K-Factor Xa, was transformed into BL21(DE3)-

pLysS cells and grown in 500 mL LB media shaking at 250 RPM complimented with 

200 µg/mL of ampicilin and 30 µg/mL of chloramphenicol at 37ºC until mid-log 
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phase.  The temperature of the media was raised to 42ºC and protein was induced 

with 0.8mM IPTG.  Cells were grown for an additional 3 hours then pelleted by 

centrifugation at 5,000 x g.  Cell pellets were resuspended in 40 mL per L cell growth 

50mM HEPES pH 7.9, 300mM NaCl, 5mM "-mercaptoethanol, and 0.1mM 

phenylmethylsulfonyl fluoride.  Cell suspension was lysed by passage through a 

French press four times and centrifuged at 125,000 x g for one hour.  After removal 

of the soluble cell lysate fraction, the remaining insoluble inclusion body pellet was 

resuspended in 100mM Tris•HCl pH7.9, 500mM NaCl, 15mM EDTA, 5mM DTT, 

2% Triton X-100 and centrifuged at 5,000 x g for 30 minutes.  The pellet was washed 

by resuspending and centrifuging at 5,000 x  g twice in 100mM Tris•HCl pH 7.9, 

500mM NaCl, 15mM EDTA, and 5mM DTT.  Washing was repeated twice with 

50mM HEPES pH 7.9, 50mM NaCl, 1mM DTT, flash frozen in liquid N2 as 1.5 mL 

aliquots, and stored at -80ºC. 

Aliquots of 1.5 mL of inclusion bodies were solubilized in 13.5 mL 8M Urea, 

50mM Tris•HCl pH 8.0, 100mM NaCl, 1% Triton X-100, 5mM CaCl2 and incubated 

for 1 hour at room temperature.  Protein was then filtered through 0.22 µM filter and 

dialyzed against 1 L 50mM Tris•HCl pH 8.0, 100mM NaCl, 1% Trition X-100, 5mM 

CaCl2, and again filtered through a 0.22 µM filter.  Factor Xa (EMD Chemicals) was 

added to protein samples at one unit per 50 µg protein and cleavage proceeded 

overnight.  The reaction was monitored by band shift in SDS-PAGE gel. 

The 50-GFP! A206K plasmid with the enterokinase recognition tag encoded 

N-terminal to Cys70 (p50GFP! A206K-entero) was transformed into BL21(DE3)-
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pLysS cells and grown in 500 mL cultures of LB media supplemented with 200ug/ml 

of ampicilin and 30 µg/mL of chloramphenicol at 37ºC shaking 250RPM for 2 ! 

hours.  The temperature was raised to 42ºC and protein expression was induced with 

0.8mM IPTG for 3 hours.  Cells were harvested by centrifugation at 5,000 x g and 

stored at -20ºC.  Cells were resuspended in 50mM HEPES pH 7.9, 300mM NaCl, 

5mM "-mercaptoethanol and passed through a French press 4 times.  Whole cell 

lysate was centrifuged for 90 minutes at 125,000 x g and the soluble lysate fraction 

removed.  The remaining inclusion body pellet was resuspeded in 100mM Tris•HCl 

pH7.9, 500mM NaCl, 15mM EDTA, 5mM DTT, 2% Triton X-100 and centrifuged 

again for 30 minutes at 5,000 x g.  The inclusion bodies were washed (i.e. 

resuspended and centrifuged at 5,000 x g) twice with 100mM Tris•HCl pH7.9, 

500mM NaCl, 15mM EDTA, 5mM DTT, then washed twice with 50mM HEPES pH 

7.9, 50mM NaCl, 1mM DTT, and finally flash frozen in 1.5 mL alliquots in liquid N2 

and stored at -80ºC. 

Thawed aliquots were solubilized in 13.5 mL 20mM Tris•HCl pH 7.9, 50mM 

NaCl, 2mM CaCl2, 20mM methylamine, 1mM DTT (enterokinase buffer) 

supplemented with 8M urea and incubated for one hour at room temperature.  Protein 

was filtered through a 0.22 µM filter and dialyzed overnight to 1.5M urea in 

enterokinase buffer. The resulting protein was cleaved with the addition of 1:1000 

U/ug recombinant enterokinase (Novagen) or 0.000075% w/w recombinant 

enterokinase (New England Biolabs) at 4ºC for 24 hours, flash frozen, and 

lyophilized. The dried protein was suspended in 50/49.9/0.1 acetonitrile/water/TFA 
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and purified via HPLC on a Vydac protein and peptide C18 reverse phase column 

with a linear gradient from 95/4.9/0.1 water/acetonitrile/TFA to 95/4.9/0.1 

acetonitrile/water/TFA over 47.5 minutes at 8 mL/min.  Eluant that showed an intense 

280 nm peak was collected, rotary evaporated, and lyophilized.  This product was 

used subsequently for native chemical ligation. 

 
Synthesis of peptide thioesters on a side-chain anchored, allyl 

protected amino acid 
 
Using the general methodology outlined by Dolphin, 2006, the 21-amino acid peptide 

was generated by manual peptide synthesis on 0.5 g of PAL-PEG-PS resin (Applied 

Biosystems; 0.2 mmol/g substitution) in a 25 mL peptide synthesis reaction vessel 

[12].  Fmoc-amino acids and peptide coupling reagents, unless otherwise noted, were 

obtained from EMD Novabiochem and/or Advanced Chemtech.  Resin was swollen 

in dimethylformamide (DMF; Fisher Scientific) for 45 minutes and drained.  Fmoc-

amino acids were coupled to the resin by pre-activating 4 equivalents of Fmoc-amino 

acid, 4 equivalents of 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

tetrafluoroborate (TBTU), and 8 equivalents of N,N'-diisopropylethylamine (DIPEA; 

Fisher Scientific) in DMF for 10 minutes and then reacting with resin for 60 minutes, 

shaking 300 RPM.  After extensive washing with DMF, Fmoc protecting groups were 

removed with 20% piperidine (Sigma-Aldrich) in DMF and washed again liberally 

with DMF.  Fmoc-Trp(Boc)-OH was doubly coupled after Kaiser  ninhydrin testing 

revealed an incomplete coupling after a single 
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reaction [27].  Samples of resin were evaluated by MALDI to confirm completion of 

SPPS.   

The N-terminus was capped by reacting the deprotected amino-acid with 

0.3M acetic anhydride (Sigma-Aldrich) in DMF for 15 minutes.  The allyl group on 

the C-terminal glutamine residue was removed by reacting the resin with 

tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4] (3 equiv) in a mixture of dry 

chloroform, acetic acid, and N-methylmorpholine (17:2:1; 20 mL total) for 3 hours 

under N2 atmosphere.  The reaction was quenched and washed with 10 mL of 20mM 

diethyldithiocarbonic acid in DMF and 10 mL of 30mM DIPEA in DMF.  The resin 

was then washed with DMF to remove any trace synthesis reagents, dried by N2 

stream, and stored under nitrogen at 4ºC. 

Samples of resin were esterified on a trial basis under the following 

conditions; 0.25 g resin (50 µmol), 20.52 mg (125 µmol) sodium 2-

sulfanylethanesulfonate (MESNA), 0.305 mg (2.5 µmol) dimethylaminopyridine 

(DMAP), 11.34 mg (55 µmol) N,N'-dicyclohexylcarbodiimide (DCC) in dry DMF at 

0ºC and allowed to warm to room temperature for 3 hours.  An alternate solvent 

attempted was dry THF,  an alternate organic thiol attempted was benzylmercaptan at 

either 3 equivalents (150 µmol) or 6 equivalents (300 µmol), and an alternate 

coupling reagent attempted was carbonyldiimidazole (CDI).   Samples of resin after 

reaction were treated with 92.5% TFA, 2.5% H2O, 2.5% anisol, and 2.5% 

triisopropylsilane (TIS) to cleave and deprotect side-chain groups, precipitated with 
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cold ethyl ether, dried under N2 stream, suspended in 50/49.9/0.1 

acetonitrile/water/TFA and analyzed by MALDI mass spectrometery. 

 

Synthesis of peptide thioesters via a protected peptide 
intermediate synthesized on chlorotrityl resin 

 
The 21-amino acid peptides were generated by manual peptide synthesis on 

0.75 g of 2-chlorotrytil resin pre-loaded with H-Gln(Trt) (Advanced Chemtech; 

1mmol/g substitution) in a 25 mL peptide synthesis reaction vessel.  Resin was 

swollen in dimethylformamide (DMF; Fisher Scientific) for 45 minutes and drained.  

Fmoc-amino acids were coupled to the resin by pre-activating 3 equivalents of Fmoc-

amino acid, 3 equivalents of 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 

hexafluorophosphate (HBTU), and 6 equivalents of DIPEA in DMF for 10 minutes 

and then reacting with resin for 60 minutes, shaking 300 RPM.  After extensive 

washing with DMF, Fmoc protecting groups were removed with 20% piperidine 

(Sigma-Aldrich) in DMF and washed again liberally with DMF.  Fmoc-Trp(Boc)-OH 

was doubly coupled after ninhydrin testing revealed an incomplete coupling after a 

single reaction.  The N-terminus was capped by reacting the deprotected amino-acid 

with 0.3M acetic anhydride (Sigma-Aldrich) in DMF.  The resin was then 

successively washed with dichloromethane, DMF, isopropyl alcohol, methanol, and 

ethyl ether to remove any trace synthesis reagents and stored under nitrogen at 4ºC. 

The finished protected peptide was liberated from the resin by reacting with 

1:4 hexafluoroisopropanol:chloroform for 1 hour.  The suspension was filtered and 
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the resin was washed three times with chloroform.  The flow-through was collected 

and evaporated to dryness.  The C-terminal carboxylic acid was esterified following a 

modified protocol reported by the Imperiali group with 4 equivalents of 3-

mercaptopropionic acid ethyl ester (MPA; TCI America), 4 equivalents of HBTU, 

and 8 equivalents of DIPEA in DMF for 16 hours [21].  The resulting product was 

precipitated with six volumes of diethyl ether and pelleted by centrifugation.   The 

pellet was washed with diethyl ether, centrifuged again, and dried under a stream of 

nitrogen gas.  Amino-acid side chain protecting groups were removed by 

resuspending the dried thioester product in 95% TFA, 2.5% triisopropyl silane, 2.5% 

water for one hour.  Precipitation with diethyl ether and centrifugation afforded a 

white pellet.  This pellet was again washed with diethyl ether and centrifuged before 

suspending in water with 0.1%TFA and lyophilizing.  The crude thioester peptide was 

further purified by C18 RP-HPLC and mass was confirmed by ESI-MS. 

 

Native chemical ligation and de novo folding of peptide 
thioester with 50T70GFP! A206K 

 

Purified fragments of truncated 50T70GFP! A206K with an N-terminal 

cystein were combined with between 2 to 10 molar equivalent excess of purified 21-

mer thioester peptides in 6M Guanidine•HCl, 0.1M sodium phosphate pH 8.0, 5mM 

4-mercaptophenylacetic acid, 5mM tris-2-carboxyethyl phosphine (TCEP) to 

0.25mM with respect to the truncated protein for 24 hours.  Sampling 20 µL of the 

reaction mixture at set intervals, isolating the protein fraction by TCA precipitation in 
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200 µL 5% trichloroacetic acid, and evaluating resulting protein bands by SDS-

PAGE, progress of the native chemical ligation was monitored.  The ligation reaction 

mixture was diluted into 25mM MES pH 8.5, 8M Urea, 10mM EDTA, 0.1mM DTT 

so that the protein concentration was between 0.128 mg/mL and 0.0625 mg/mL and 

incubated at room temperature for one hour.  The ligation reaction products were then 

folded by rapidly diluting dropwise into 100-fold 50mM Tris•HCl pH 8.5, 500mM 

NaCl, 1mM DTT.  Folded protein was isolated from solution by passage over Ni2+-

NTA resin, exchanging on resin into 20mM sodium phosphate pH 7.5, 300mM NaCl 

buffer, and then eluting with the same buffer supplemented with 250mM imidazole.  

The eluting protein was dialyzed against buffer without imidazole and concentrated to 

approximately 1.5 mL with centrifugal 3 kDa MWCO filters.   

 Fluorescence measurements were taken on a Quanta Master fluorimeter (Pho-  

ton Technology International).  Absorption measurements were taking on a BioCary 

300 UV/visible spectrophotometer.  Background absorption and fluorescence signals 

due to buffer were subtracted from spectra manually.  Samples for MALDI mass 

spectrometry were prepared by C18 Zip-tip (Millipore). 
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Results and Discussion 

 

 

N-terminal cysteine truncation protein generated by intein 
cleavage. 

 
The generation of a protein construct suitable for native chemical ligation has 

traditionally been generated using an intein system that liberates a protein without the 

canonical start methionine.  This system can therefore be used as a means of 

producing a protein with an N-terminal cysteine needed for native chemical ligation 

reactions.  Using the pTwin1 system (New England Biolabs), a truncated version of 

the 50-GFP! A206K gene starting at Cys70 (50T70GFP! A206K) was introduced 

directly after the Ssp DnaB Intein in the pTwin1 vector.  This construct was expressed 

under various conditions in an attempt to generate the desired truncation product.  

Expression overnight at 25ºC was attempted initially to generate soluble truncation 

product.  While the chitin binding domain-intein fusion did express and bind to chitin 

beads, it was bound as an already cleaved product (Figure 3.6B).  Anticipating 

premature intein cleavage during cell culture and purification, the cell lysate passed 

through the chitin column was passed through a Ni2+-NTA column to rescue any 

already cleaved truncated protein product (Figure 3.6C).  While there were several 

bands near the 25 kDa marker that could correspond to a truncation product, none 

proved to be of the correct molecular weight.  Additionally, multiple protein bands  
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 of separating these two proteins B. chitin resin purification of the fusion product; (1) 
whole cell lysate cell lysate soluble, (2) chitin column flowthrough, (3) wash fraction 
pH 8.5, elution buffer wash fraction pH 7.0, (4-5) empty, (6) sample of protein bound 
chitin resin, (7) Invitrogen Benchmark ladder, (8) elution fraction after overnight 
incubation, (9) chitin resin sample after elution. The intein fusion construct and 
cleaved intein protein are marked by arrows.  C.  Ni2+-NTA purification of the chitin 
column flowthrough; (1) flowthrough from chitin column, Ni2+-NTA flowthrough, 
(2) wash 0mM Imidazole, (3-4) wash 20mM imidazole, (5) sample of protein bound 
to Ni2+-NTA, (6) Invitrogen Benchmark Ladder, (7) 150mM resin elution. Potential 
50T70GFP! A206K bands are highlighted in the green box. 
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Figure 3.6. 
Characterization 
and purification 
of 50T70GFP!  
A206K-Ssp DnaB 
intein fusion 
construct.   
A. 50T70GFP! 
A206K can be 

liberated in vitro or in 
vivo from the Ssp DnaB 
intein fusion construct.  
Parameters show that the 
intein fragment is close 
to the same size and 
charge as 50T70GFP! 
A206K, leaving differing 
affinity tags as a means  
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eluted from the Ni2+-NTA resin, indicating protein impurity and requiring additional 

purification steps to isolate the desired protein. 

Since the full fusion protein is expressed within the cell, as seen by the band at 

50 kDa in the whole cell lysate fraction, protein expression was attempted at 16ºC to 

prevent premature protein splicing and encourage soluble protein production.  While 

induction at lower temperatures did produce fusion protein that bound to chitin resin, 

no detectible soluble protein eluted from the chitin resin after inducing intein splicing 

overnight.  Again, loading of the chitin column flow-through onto Ni-NTA resin to 

rescue already cleaved 50T70GFP! A206K, yielded a mixture of proteins bound to 

resin with only a major band at the incorrect molecular weight of 18.3 kDa (Figure 

3.7).  

 

 

 

 

 

Figure 3.7.  Chitin purification of the 50T70GFP!  A206K-Ssp DnaB intein 
fusion construct induced at 16ºC.  Protein was expressed at 16ºC and purified as 
described, (1) whole cell lysate, (2) soluble cell lysate, (3) chitin resin flowthrough, 
(4) wash buffer at pH 8.5, (5) wash buffer pH 7.0, (6) sample of chitin resin before 
inducing splicing, (7) Invitrogen Benchmark Ladder, (8) chitin resin sample after 
overnight incubation, (9) chitin resin elute, (10) sample of Ni2+-NTA resin with chitin 
resin flowthrough bound. 
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N-terminal cysteine truncation protein generated by 
endoproteolysis. 
 
These results showed 50T70GFP! A206K construct is not soluble in solution, 

but expresses well as an insoluble protein that is shuttled to inclusion bodies.  

Isolation of this unfolded protein in inclusion bodies and solubilization in denaturing 

solution may provide the raw material needed for the native chemical ligation 

reaction.  While inclusion body expression, isolation, and post-refolding splicing of 

the Ssp DnaB intein has been attempted before, the fusion protein 50T70GFP! 

A206K by itself has not been demonstrated as soluble product[28]. Any post folding 

spliced product would most likely precipitate out of solution.  Insoluble expression of 

a direct truncation product leaves a start methionine residue at the N-terminus.  

Tagging the protein with an endoprotease sequence ahead of Cys70 and allowing 

endoproteolytic cutting of this tag generated the start cysteine needed for ligation.  

These proteolytic reactions were carried out in mildly denaturing conditions to 

maintain the 50T70GFP! A206K truncation product in soluble form.   

Plasmid bearing the Factor Xa sequence just in front of the Cys70 in the  

50-GFP! A206K construct (p50-GFP! A206K-Factor Xa) was expressed as 

inclusion bodies.  These inclusion bodies were purified and solubilized in 8M urea 

then dialyzed to less than 100mM urea in buffer supplemented with 1% Triton X-100. 

Factor Xa was cut in 1% Triton-X 100 to maintain protein solubility.  After the 

addition of Factor Xa and incubation at room temperature overnight, the protein 

precipitated out of solution into a gelatinous mass that was unsuitable for further 
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work.  As Factor Xa is intolerant of urea concentrations above 250mM, this 

denaturant could not be used in place of 1% Triton-X100.  Coomassie stained SDS-

PAGE analysis of this reaction (both solution and precipitated protein) showed no 

shift in protein bands, indicating no proteolytic activity by the Factor Xa enzyme 

(Figure 3.8). 

 
Figure 3.8. Factor Xa endoproteolysis of 
50-GFP!  A206K-factor Xa. Proteolysis 
of the inclusion body expressed and urea 
solublized protein by factor Xa, from left 
to right; Invitrogen Benchmark Ladder, 
Urea solubilized inclusion bodies, post 
dialysis inclusion body sample, proteolysis 
overnight sample soluble fraction, 
proteolysis overnight sample insoluble 
fraction. 

 

The enterokinase recognition sequence was encoded ahead of Cys70 in the 

p50-GFP! A206K construct.  This plasmid was expressed in PLysS cells under 

conditions that produced inclusion bodies.  Partially purified inclusion bodies were 

solubilized in urea and dialyzed overnight to 1.5M urea to maintain the truncation 

protein in solution while permitting enterokinase proteolysis (Figure 3.9).  Pilot 

experiments with 1:2000 U/µg substrate protein showed that enterokinase cleaved  
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Figure 3.9. Enterokinase endoproteolysis of 50-GFP! A206K-entero.  A. 
Schematic diagram of the sequence of 50-GFP! A206K-entero, residues that would 
form the chromophore are in green, linker joining the wild-type N and C termini in 
this circular permutant in grey, pertinent residue numbers listed above the diagram, 
and the enerokinase recognition sequence is denoted below the diagram. B.  Inclusion 
body preparation of 50-GFP! A206K-entero, (1) whole cell lysis, (2) whole cell 
soluble fraction, inclusion bodies after 1st wash with Triton X-100, (3-5) 2nd wash, 3rd 
wash, 4th wash, (6) final inclusion body preparation, (7) urea solublized inclusion 
bodies, (9) Invitrogen Benchmark Ladder. C.  Trial enterokinase proteolysis assay, 
temperature of assay is denoted in large text, after a timepoint at the start of these 
reactions, three samples for each condition (control with no enterokinase, 
experimental with a 1:2000 U/ µg ratio) were taken at 3, 28, and 48 hours. 
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most efficiently when the reaction was carried out at 4ºC, therefore further process 

scale experiments were carried out at this temperature. 

The enterokinase reaction was quenched by flash freezing the preparation in 

liquid nitrogen, and then lyophilizing the reaction.  The suspension was dissolved in 

50/49.9/0.1 acetonitrile/water/TFA and injected in 4 mL aliquots onto a preparative 

C18 protein & peptide column.  The cleaved protein was isolated as a major peak 

along a linear gradient over 47.5 min between 24 to 26 minutes into the run (Figure 

3.10).   Protein yields were generally 20mg per 1.5mL of initial inclusion body 

preparation.  Coomassie stained SDS-PAGE analysis and ESI-MS analysis (expected 

mass 24910.8, actual 24908) showed a cleanly proteolyzed protein that was 

lyophilized and stored at -20ºC until needed.  
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Figure 3.10. Large scale enterokinase endoproteolysis of 50-GFP! A206K-entero 
generating 50T70GFP!  A206K.  A. SDS-PAGE gel analysis of enterokinase 
cleaving of 50GFP! A206K-entero at 4ºC over 24 hours, (1) Broad Range Protein 
Ladder (New England Biolabs), (2) control timpoint 0hrs, (3) control timepoint 24hrs, 
(4-7) reaction 1 through 4 experimental timepoint 24 hours.  B. HPLC purification of 
enterokinase reaction, 220 nm absorption is in blue, 280 nm absorption in red, the 
first run is shown as a bold trace with subsequent runs shown as dashed traces.  The 
major peak from 24.5 mintues to 25.5 minutes was isolated and lyophilized.  C. ESI 
flow-injection analysis of the purified 50T70GFP! A206K, whole spectrum and 
deconvolution analysis; expected mass 24910.8, found mass 24908. 
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Synthesis of peptide thioesters via O-Allyl protected side chain 
anchored glutamine  

 
In an effort to incorporate unnatural amino-acids into a peptide thioester that 

is suitable for ligation to the truncated circular permutant 50T70GFP! A206K, two 

methods for thioester generation using Fmoc-SPPS were explored.  Initial attempts to 

generate a thioester on resin using a derivative of the backbone amide linker (BAL) 

methodology involved the coupling of the side chain of Fmoc-Glu-O-Allyl  to PAL-

PEG-PS resin.  Manual synthesis extended on this first amino-acid was completed to 

generate the 21 amino-acid peptide.  A sample of the assembled peptide (prior to 

acetic anhydride N-capping) was evaluated by liberating from resin with TFA.  

MALDI mass returned a peak corresponding to the expected peptide (Figure 3.11).  

After capping the N-terminal amine with an acetyl group, the allyl group on the C-

terminus of the peptide was deprotected using palladium to yield the resin bound 

carboxylic acid peptide product. While esterification of this carboxylic acid was 

attempted using two thiols of differing reactivities (MESNA or benzylmercaptan) 

with two differing coupling reagents known to react thiols onto carboxylic acids 

(DCC or CDI) under solvent systems regularly used in peptide synthesis (THF or 

DMF), no reaction condition was found that efficiently converted the carboxylic acid 

to a thioester (Figure 3.12A & B).  It may be possible to generate this thioester 

product with the use of other coupling reagents, solvent systems, or larger excesses of 

thiol.  
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Figure 3.11. MALDI mass spectrometry of the 21-amino acid O-allyl protected 
peptide.  A small sample of peptide was cleaved from resin & side-chain deprotected 
with TFA, precipitated with diethyl ether, and suspended in 
acetonitrile/water/0.1%TFA.  The major peak in the spectrum, 2362.1 Da agrees with 
the expected mass of the allyl protected peptide of M+1; 2362.2 Da. 

 

The proximity of the C-terminal carboxylic acid group to the resin matrix, 

with the majority of the peptide extending away from the resin, may be either 

sterically hindered from reacting with thiols as nucleophiles or a thioester at this 

position may form but be easily hydrolyzed back to a carboxylic acid.  This may be 

why previous work with both the backbone amide linker method and this side  
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Figure 3.12.  Unsuccessful esterification reactions on the carboxylic acid of the 
side chain anchored peptide.  A. Esterification with benyl mercaptan produced little 
usable product, only a minor peak at the expected mass of 2470 Da.  B. Esterification 
with sodium 2-sulfanylethanesulfonate produced no thioester product, expected mass 
2487 Da.  Starting carboxylic acid peptide (calculated mass 2363.2 Da) is seen as the 
major product peak in these spectra. 
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chain anchored method use a preformed glycine thioester as a C-terminal coupling 

group as the peptide bond formed is much more stable under these conditions [11, 

12].  Since the C-terminal amino acid in the needed thioester sequence is a glutamine 

residue, the addition of a glycine at the C-terminus of this sequence would most likely 

interfere with the proper positioning of this peptide within the GFP protein barrel. 

 

Synthesis of peptide thioesters via a resin-free side chain 
protected peptide intermediate 

 
Since the coupling of thiols to the C-terminus of a protected peptide while still 

anchored to synthesis resin was unsuccessful, liberation of the peptide from resin with 

side-chain protecting groups intact left the carboxylic acid at the C-terminus available 

in solution for thioesterification.  Chlorotrityl resin permits the liberation of a side-

chain protected peptide through the use of mildly acidic conditions (1:4 

hexafluoroisopropanol:chloroform or 2:2:6 acetic 

acid:trifluoroethanol:dichloromethane) [29-34].  The 21-amino-acid peptide was 

synthesized manually on pre-loaded glutamine chlorotrityl resin.  Efficiency of each 

coupling was monitored by absorbance at 300 nm of the deprotected Fmoc group 

(Figure 3.13A).  The liberated protected peptide was reacted with an alkyl thiol 

(mercaptopropionic acid ethyl ester) whose structure mimics the thioester group left 

by Boc synthesis of thioesters on TAMPAL resin and has been used previously for 

thioester peptide generation (Figure 3.13C) [13, 35].  Side chain protecting groups 

were then removed with TFA treatment, the thioester peptide was purified via HPLC,  
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Figure 3.13. Characterization of the synthesis of thioester peptides on 
chlorotrityl resin.  A. Absorbance measurement of each amino-acid deprotection 
step by release of the Fmoc adduct with 20% piperdine.  Four subsequent washes of 
the resin with DMF are also shown. Samples have been diluted 1:100 in methanol to 
permit measurement. B. HPLC purification of the thioester peptide product; linear 
gradient shown in teal, absorbance at 280 nm in red. The major peak at 33 minutes 
was isolated and lyophilized.  C. Structure of the thioester peptide with side chains in 
blue, N-terminal acetyl cap in red, and the C-terminal thioester in pink.  Calculated 
molecular weights for the M through M+4 mass peaks are listed and correspond well 
to the M+1 and (M+2)/2 mass peaks seen in a sample of the 33 minute HPLC elute 
peak in D. 
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and the product confirmed by ESI mass spectrometry (Figure 3.13D).  These purified 

peptide thioesters were then used as reactants in native chemical ligation. 

 

Native chemical ligation and de novo folding 

 Native chemical ligation reactions were set-up as described and used the 

amounts of thioester peptide and N-terminal cysteine 50T70GFP! A206K in  

Table 3.1.  Each protein and peptide thioester pair was dissolved in ligation buffer to 

250 µM and mercaptophenyl acetic acid added to intiate the ligation reaction. 

After an initial sampling, reactions were permitted to continue for 24 hours. 

Table 3.1 Protein and peptide amounts used in native chemical ligation reaction.  

Even with the use of a reactive water-soluble thiol catalyst, ligation reactions did not 

go to completion (Figure 3.14).  Longer incubation times may drive the reaction 

further, but longer exposure to denaturants may also have deleterious effects on the 

protein. While ligation reactions of equal sized peptides are traditionally purified and 

isolated by HPLC, the ligation of thioester peptides to 50T70GFP! A206K produces 

only a small change in mass that was not separable from unligated starting materials 

[8, 22, 24].  For this reason, ligation reactions were directly diluted to approximately 

0.128 mg/mL in urea denaturation buffer and incubated for 1 hour at room 

temperature to equilibrate the ligation product in this buffer.  Protein was then  

Amino-Acid derivative at 
Y66 

N-terminal Cys 
50T70GFP!  A206K 
in mg (nmol) 

C-terminal peptide 
thioester in mg 
(nmol) Molar ratio 

Tyrosine 11.9 (478) 11.68 (4711) 9.85 
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Figure 3.14.  Native chemical ligation of the peptide thioester to 50T70GFP! 
A206K.  A. Thioester peptides and the N-terminal cysteine protein 50T70GFP! 
A206K were ligated in denaturing solution using a water soluble thiol catalyst for 24 
hours.  Samples are taken when the reaction was initiated and terminated. Gel bands 
(1) Wild-type thioester ligation T=0, (2) T=24hrs., (3) N-methyl tyrosine ligation 
T=0, (4) T-24hrs., (5) Pseudodipeptide ligation T=0,(6) T=24hrs., (7) NEB Broad 
Range Ladder.   B. ligation product was de novo folded and concentrated. Samples 
are as follows; (1) 50-GFP! A206K-entero, (2) 50T70GFP! A206K, (3) NEB Broad 
Range Ladder, (4) wt peptide thioester to 50T70GFP! A206K C.  Visible evaluation 
of chromophore formation in the de novo folded ligation sample by exposure to 365 
nm transillumination. D. MALDI mass analysis of de novo folded ligation product; 
expected mass 27238, found 27244 
 

A. B. C.  
1    2    3   4    5    6    7 1    2    3   4   

D. 



 95 

directly folded by dilution into rapidly stirring buffer and incubated overnight at 4ºC 

to permit chromophore formation.  The dilute folded buffer was applied to Ni2+-NTA 

resin to bind the ligated protein and effectively concentrated it.  Washing and elution 

with imidazole yielded the ligated folded protein that was subsequently concentrated 

and evaluated by absorbance and fluorescence spectroscopy. 

The folded wt ligation product shows visible fluorescence on 

transillumination and the characteristic absorption peaks for GFP, with absorption 

maxima at 397 nm and 475nm and fluorescence emission at the usual 503 nm and 

508 nm, respectively (Figures 3.15A & B, 3.14 C).  Although the ratio of 

chromophore absorption peaks to protein absorbance at 280 nm is low, indicating 

portions of ligated protein that does not have chromophore, the presence of any peaks 

indicates that the ligation product does form chromophore upon de novo folding and 

illustrates that this method is feasible.  Additionally, the peaks within both the 

absorption and fluorescence emission scans match to that of the natively expressed 

50-GFP! A206K and wtGFP, suggesting that the critical hydrogen bonding network 

important for fluorescence is maintained in the ligation product.  PAGE analysis of 

the folded ligation product shows a single band at a mass that matches the uncut 50-

GFP! A206K entero sample run as a standard for comparison and shows little to no 

protein at lower molecular weight relative to the ligation reaction mixture at 24hrs 

(Figure 3.14 B).  These results indicate that the de novo folding and subsequent Ni2+-

NTA affinity purification effectively eliminates some of the leftover unligated 

starting material.  This assertion is supported by MALDI mass analysis of the ligation 
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Figure 3.15. Absorption and fluorescence spectra of folded ligation product. de 
novo folded peptide ligation product was concentrated to approximately 1.5 mL; 
absorption spectrum in (A) and fluorescence emission in (B) with listed excitation 
(ex) and emission (em) wavelengths. Absorption and emission maxima are listed 
adjacent to each peak. 

A. 

397 

475 

B. 

503 

508 
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product, where only a single peak corresponding to the predicted mass + 6 Da is seen 

(Figure 3.14D).  Yields, based on the initial cut 50T70GFP! A206K used in this 

reaction, protein 280 nm absorption (assuming all protein is ligated product), and 

chromophore absorption in the neutral band, indicates that of the 477.7 nmols reacted, 

76.67 nmols are in folded into solution (16.0%), and 14.28 nmols show chromophore 

(3.0%).  Further opimization of the ligation conditions and the de novo folding 

methods may improve yields, but the method established thus far suffices for 

preliminary studies. 
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Summary 
 
 

The native chemical ligation reaction requires one peptide with an N-terminal 

cysteine residue and another with a C-terminal thioester.  Several techniques were 

attempted to generate the N-terminal cysteine peptide (50T70GFP! A206K) in 

significant yields.  Initially, the truncated protein was cloned into the pTwin1 system 

(New England Biolabs), in frame with the chitin binding domain tagged Ssp DnaB 

intein.  While this construct did express fusion protein of 50 kDa within the cell, the 

full fusion protein had limited solubility, even with expression at reduced 

temperatures.  Additionally, the fusion construct produced little soluble truncated 

protein.  This result would suggest that the truncated protein itself is insoluble in 

solution and further work must be carried out under denaturing conditions.  Since we 

are removing the central core helix of the GFP barrel, the instability in the 

50T70GFP! A206K truncation protein may be due to a complete inability of the 

protein to fold and find a stable soluble conformation without the central helix.   

Efforts to generate the 50T70GFP! A206K truncation protein were therefore 

carried out under mildly denaturing conditions to allow endoproteolytic digestion of 

the tag ahead of Cys70 while maintaining the truncated protein construct in a soluble 

form.  While Factor Xa proteolysis was attempted in 1% Triton X-100 to maintain the 

Factor Xa sequence tagged 50-GFP! A206K construct in solution, protein 

precipitated out of solution into a gelatinous mass upon addition of the enzyme.  It 
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appears the proteolytic digestion of the central helix out of 50GFP! A206K construct 

destabilizes the protein barrel so much that 1% Triton X-100 is not enough keep the 

protein in solution.  The use of urea above 250mM with Factor Xa is not 

recommended so other proteolytic enzymes were explored[36]. 

Enterokinase is able to tolerate a much broader set of buffer conditions and 

still maintain enzyme activity.  As the 50-GFP! A206K construct remains soluble in 

a 1.5 molar urea buffer, enterokinase reactions were attempted with this level of 

denaturant.  Additionally, the reaction was carried out at 4ºC because the enzyme 

cleaved the enterokinase tag more efficiently at this temperature.  To terminate the 

reaction and decrease the volume of reaction mixture (and numbers of HPLC 

injections), the reaction was flash frozen and lyophilized.  Resuspended in 50% 

acetonitrile to maintain protein solubility, purification via a C18 HPLC isolated the 

needed 50T70GFP! A206K protein.  The novel method demonstrated here permits 

the high yield isolation and enzymatic processing of a normally insoluble protein 

inclusion body into a purified, N-terminal cysteine peptide suitable for native ligation. 

 Methods for the generation of peptide thioesters needed for the native 

chemical ligation reaction were explored.  Intial attempts were based on a 

modification of the backbone amide linker methodology.  This modified method 

linked the side chain of a glutamate residue to resin, while retaining the carboxylic 

acid C-terminus as an allyl protected group.  Synthesis of complete 21-amino acid 

peptide begins at the amine of this residue.  The N-terminus was of the peptide was 

capped using acetic anhydride and the C-terminal allyl group was deprotected.  While 
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several methods to were attempted to generate a thioester at this position, only 

starting the carboxylic acid was isolated. 

We developed a method to liberate the peptide from the resin in a fully 

protected form, thereby leaving only the carboxylic acid C-terminus in solution for 

esterification.  Peptide synthesis was carried out on chlorotrityl resin and the 

protected peptide was liberated from resin under mildly acidic conditions 

(hexafluoroisopropanol:chloroform).  This protected peptide was then esterified in 

good yield and purified by HPLC.  Native chemical ligation of this thioester peptide 

with the endoprotease cut 50T70GFP! A206K fragment will then provide the protein 

sequence that can be de novo folded to study the pathways of GFP chromophore 

formation and investigate the photochemistry within GFP.   

The native chemical ligation reaction was then used to join the previously 

expressed N-terminal cysteine protein and synthetically generated C-terminal 

thioester peptide.  Initial reactions used established peptide ligation methods that had 

to be modified to accommodate the large 50T70GFP! A206K fragment.  Reactions 

were therefore run at lower protein concentrations, slightly basic pH, and with several 

fold excess of thioester peptide using a water-soluble thiol catalyst.  Ligation 

reactions were run for 24 hours and reactions were terminated by dilution into 8 

molar urea denaturation buffer.  Attempts to isolate the ligated product prior to 

dilution into urea buffer via HPLC did not produce elution peaks of pure ligated 

product, most likely due to the similarity in size, shape, and charge of the ligated and 
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unligated products.  De novo folding of the urea buffer diluted ligation reaction 

yielded the full circular permutant with some protein forming chromophore. 

While ligation yields for each derivative were enough for an absorption spectrum, 

fluorescence measurements, and mass spectral analysis, not enough protein was 

generated for measurements requiring high concentrations of protein (i.e. Infrared 

spectroscopy, RAMAN, x-ray crystallography).  Further optimization and 

accumulation of multiple rounds of ligation and de novo folding may yield enough 

protein for these studies.  The absorption spectrum of the wild-type peptide ligation 

product while showing a high 280 nm absorption, does display the characteristic GFP 

absorption peaks at 397 nm and 475 nm, indicating that the folded ligation products 

behave photophysically as the natively expressed circular permutant 50-GFP! 

A206K and wtGFP do. 
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Introduction 
 
 
 
 

 
 The previous chapter detailed the methods used to incorporate a synthetic 

peptide into the central helix of the GFP protein.  Here, we use this method to 

generate synthetic peptides with unnatural amino acids that will be used to probe the 

formation of the GFP chromophore.  To review, the proposed chromophore formation 

pathway within GFP follows three distinct steps; cyclization by amine attack of 

Gly67 to the carbonyl of Ser65, dehydration of the carboxyl at Ser65 to create a 

cyclic imine, and oxidation of the C!-C" side chain bond of Tyr66 to form the full 

chromophore [1-6].  Both the order of each modification step and the intermediate 

structures that are generated are still debated (Figure 4.1). 

 

 

 

 

 
 
Figure 4.1 Current models of GFP chromophore formation.  The strained central 
helix within the GFP protein barrel undergoes an initial cyclization reaction.  
Maturation of the chromophore follows either an oxidation-dehydration mechanism 
(A) or a dehydration-oxidation mechanism (B). 
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The use of unnatural amino acids at the Tyr66 position will permit the 

interruption of the chromophore maturation process.  Incorporating an amino methyl 

tyrosine will prevent imine formation between the amine of the tyrosine and the 

carbonyl of the serine, thereby preventing the dehydration at the serine carbonyl.  

This modification preventing the dehydration step will test if the oxidation step is still 

possible.  Similarly, the removal of the tyrosine carbonyl group prevents enolate 

formation at this position, proposed as essential for the oxidation at the C! of Tyr 66.  

This modification may even prevent the initial cyclization reaction, as some models 

propose the enolate at this position initiates the cyclization reaction [1] (Figure 4.2).   

While an N-methyl tyrosine derivative suitable for solid phase synthesis was 

available commercially, the tyrosine lacking the carbonyl oxygen had to be generated 

synthetically as a conjugate with the adjacent glycine.   

 
 
 
 
 

 
 

 
 
 

 
 

 
 

 
Figure 4.2 Proposed modifications to the Tyr66 backbone to interrupt 
chromophore formation.  A. Introduction of an amino methyl tyrosine may prevent 
the dehydration step and evaluate if the oxidation step is still possible. B. Removal of 
the tyrosine carbonyl may prevent cyclization or dehydration. 
 

A. 

B. 
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 Incorporation of these derivatives into peptide thioesters and native chemical 

ligation to truncated 50T70GFP! A206K will produce constructs that, upon de novo 

folding, contain structures in intermediate states of  chromophore formation.  These 

proteins may be studied by mass spectroscopy to elucidate the chromophore 

intermediates and shed light on the pathways of chromophore formation. 
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Methods 
 
 
 
 
 

Insoluble Expression of Protein and Endoproteolytic Cleavage 

Plasmid bearing the 50-GFP! A206K gene with the enterokinase recognition 

tag encoded N-terminal to Cys70 (p50-GFP! A206K-entero) was transformed into 

BL21(DE3)-pLysS cells and grown in 500 mL cultures of LB media supplemented 

with 200 µg/mL of ampicilin and 30 µg/mL of chloramphenicol at 37ºC shaking 250 

RPM for 2 ! hours.  The temperature was raised to 42ºC and protein expression was 

induced with 0.8mM IPTG for 3 hours.  Cells were harvested by centrifugation at 

5,000 x g and stored at -20ºC.  Cells were resuspended in 50mM HEPES pH 7.9, 

300mM NaCl, 5mM "-mercaptoethanol and passed through a French press 4 times.  

Whole cell lysate was centrifuged for 90 minutes at 125,000 x g and the soluble lysate 

fraction removed.  The remaining inclusion body pellet was resuspeded in 100mM 

Tris•HCl pH7.9, 500mM NaCl, 15mM EDTA, 5mM DTT, 2% Triton X-100 and 

centrifuged again for 30 minutes at 5,000 x g.  The inclusion bodies were washed (i.e. 

resuspended and centrifuged at 5,000 x g) twice with 100mM Tris•HCl pH7.9, 

500mM NaCl, 15mM EDTA, 5mM DTT, then washed twice with 50mM HEPES pH 

7.9, 50mM NaCl, 1mM DTT, and finally flash frozen in 1.5 mL alliquots in liquid N2 

and stored at -80ºC. 
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Thawed aliquots were solubilized in 13.5 mL 20mM Tris•HCl pH 7.9, 50mM 

NaCl, 2mM CaCl2, 20mM methylamine, 1mM DTT (enterokinase buffer) 

supplemented with 8M Urea and incubated for one hour at room temperature.  Protein 

was filtered through a 0.22 µM filter and dialyzed overnight to 1.5M urea in 

enterokinase buffer. The resulting protein was cleaved with the addition of 1:1000  

U/ µg recombinant enterokinase (Novagen) or 0.000075% w/w recombinant 

enterokinase (New England Biolabs) at 4ºC for 24 hours, flash frozen, and 

lyophilized. The dried protein was suspended in 50/49.9/0.1 acetonitrile/water/TFA 

and purified via HPLC on a Vydac protein and peptide C18 reverse phase column 

with a linear gradient from 95/4.9/0.1 water/acetonitrile/TFA to 95/4.9/0.1 

acetonitrile/water/TFA over 47.5 minutes at 8 mL/min.  Eluant that showed an intense 

280 nm peak was collected, rotary evaporated, and lyophilized.  This product was 

used subsequently for native chemical ligation. 
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Tyrosinyl-glycine Pseudo-dipeptide synthesis 
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Figure 4.3 Synthesis of tyrosine-glycine pseudodipeptide product.  Fmoc-
tyrosine(tBu)-OH (1) is coupled with N,O-dimethylhydroxylamine generating a 
hydroxyamate (2) that is reduced with lithium aluminum hydride to form an aldehyde 
(3).  Initial attempts to couple a glycine via reductive amidation to the aldehyde (3) 
gave unacceptable yields.  Reductive amidation of ethylglycine with 
cyanoborohydride formed the pseudodipeptide (4).  The secondary amine is Boc 
protected, the ethyl group of the glycine removed with base along with the Fmoc 
group producing (5).  The Fmoc group is reintroduced to the primary amine 
generating the protected pseduodipeptide (6) in 42% yield overall. 
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Preparation of N-(Fluorenylmethyloxycarbonyl)-L-tyrosine (tert-butyl ester)-
hydroxyamate (2) 

 
Fmoc-Tyrosine(tert-butyl ester)-OH , 7.85g (16.49 mmol), and 2.68 g (16.52 

mmol) carbonyldiimidazole (CDI) was dissolved in approximately 75 mL of THF and 

stirred for 1 hour at room temperature.  2.88 mL (16.49 mmol) N,N-

diisopropylethylamine (DIPEA) and 1.61 g (16.51mmol) N,O-

dimethylhyrdoxylamine•HCl was added and stirred for an additional 1.5 hours until 

shown complete by TLC.  The reaction was rotary evaporated, suspended in 

dichloromethane, and successively extracted with saturated sodium bicarbonate, 10% 

hydrochloric acid, and brine.  The organic layer was dried with magnesium sulfate 

and rotary evaporated, yielding a clear syrup.  Resuspension in hexanes and rotary 

evaporation yielded white foam (2). Yield: 8.43 g (16.78 mmol), 100% yield.  ESI 

mass expected M+1, 503.25; Found 503.3.  

 

N-(Fluorenylmethyloxycarbonyl)-L-tyrosinal  
(tert-butyl ester) (3)  

 
The resulting compound (2) 8.43 g (16.78 mmol) was added to 75 mL dry 

THF and cooled to -78 ºC.  636.80 mg (16.78 mmol) of lithium aluminum hydride 

was added slowly portion-wise over an hour and allowed to react until completion by 

TLC.  3 volumes of diethyl ether were added to the reaction and the reaction was 

quenched with 3 volumes cold 20% citric acid.  The organic layer was rotary 
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evaporated, resuspended in diethyl ether, and successively washed with saturated 

sodium bicarbonate and 10% citric acid.  The ether layer was dried with magnesium 

sulfate, and evaporated to give compound (3).  Yield: 7.76 g (17.51 mmol), 100 % 

yield. ESI mass expected M+1, 444.21; Found 444.1. 

 
 
Preparation of N-(Fluorenylmethyloxycarbonyl)-L-tyrosyl (tert-butyl ester) amino 

ethyl-N-glycine ethyl ester (4)   
 

The aldehyde product (3) 7.6 g (17.14 mmol) and 3.35 g (24.0 mmol) of 

glycine ethyl ester was stirred in 100 mL 99:1 methanol:acetic acid.  1.29 g (20.53 

mmol) of sodium cyanoborohydride was added portion-wise over one hour and 

allowed to stir for an additional hour.  The reaction was quenched with saturated 

sodium bicarbonate to pH 7 and methanol was rotary evaporated.  The remaining 

solution was extracted with ethyl acetate and washed with brine.  The organic layer 

was dried with sodium sulfate and rotary evaporated.  Silica gel purification in 

petroleum ether:ethyl acetate yielded 5.32 g (10.03 mmol) of purified product (4), 

58.5% yield. Rf 0.26 in 1:3 petroleum ether:ethyl acetate.  ESI mass expected M+1 

531.28; Found 531.3. 

 

Preparation of N-(Fluroenylmethyloxycarbonyl)-L-tyrosyl (tert-butyl ester) amino 
ethyl-N,N-(tert-butyloxy carbamate) glycine ethyl ester (5)   

 
The ethyl glycine –tyrosine product (4) 4.75g (8.97 mmol) was added to 100 

mL dry dichloromethane and cooled to 0 ºC on ice.  Di-tert-butyl dicarbonate, 2.6 g 
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(11.92 mmol), and 1.75 mL (10.02 mmol) of DIPEA was added and allowed to react 

and warm to room temperature overnight.  The reaction was extracted with water, 

saturated sodium bicarbonate, and 10% hydrochloric acid. The organic layer was 

dried with sodium sulfate and rotary evaporated to yield compound (5). Yield: 6.23 g 

(9.88 mmol).  ESI mass expected M+1 631.3; Found 632.3. 

 

Preparation of N-(Fluroenylmethyloxycarbonyl)-L-tyrosyl (tert-butyl ester) amino 
ethyl-N,N-(tert-butyloxy carbamate) glycine (6)  

 
Compound (5), 6.23 g (9.88 mmol), was suspended in 100 mL 50:50 water:THF 

cooled to 0 ºC and 1.82 g sodium hydroxide dissolved in water was added slowly 

over an hour and allowed to react overnight to room temperature.  The reaction was 

acidified to pH 7 with 10% hydrochloric acid, rotary evaporated to remove THF, and 

lyophilized.  The dried product was dissolved in 130 mL of 60:40 dioxanes:water, 

cooled to 0 ºC, and 3.29 g (31 mmol) of sodium bicarbonate was added.  3.53 g 

(13.64mmol) of Fluroenylmethyloxycarbonyl chloride in 72 mL of dioxanes was 

added over 30 minutes and reacted overnight to room temperature.  The reaction was 

quenched with ice cold 20% citric acid to pH 3 and extracted with ethyl ether.  The 

organic layer was dried with magnesium sulfate and rotary evaporated.  Purification 

on silica gel in methanol:dichloromethane yielded 4.23 g (7.02 mmol; 71% yield) of a 

white foam.  Rf 0.15 in 5:95 methanol:dichloromethane.  ESI mass expected M-1 

601.30, 2M 1204.6; Found 601.3, 1204.6. Overall yield from (1) to (6) was 42.55% 

(Figure 4.3). 
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Synthesis of peptide thioesters via a protected peptide 
intermediate synthesized on chlorotrityl resin 

 
The 21-amino acid peptides were generated by manual peptide synthesis on 

0.75 g of 2-chlorotrytil resin pre-loaded with H-Gln(Trt) (Advanced Chemtech;  

1 mmol/g substitution) in a 25 mL peptide synthesis reaction vessel.  Fmoc-N-

methyl-tyrosine(tBu)-OH was obtained from Chem-Impex.  Fmoc-tyrosinyl(tBu, 

Boc)-glycine-OH pseudodipeptide was synthesized as described (vide supra).   Resin 

was swollen in dimethylformamide (DMF; Fisher Scientific) for 45 minutes and 

drained.  Fmoc-amino acids were coupled to the resin by pre-activating 3 equivalents 

of Fmoc-amino acid, 3 equivalents of 2-(1H-benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium hexafluorophosphate (HBTU), and 6 equivalents of N,N'-

diisopropylethylamine (DIPEA; Fisher Scientific) in DMF for 10 minutes and then 

reacting with resin for 60 minutes, shaking 300 rpm.  After extensive washing with 

DMF, Fmoc protecting groups were removed with 20% piperidine (Sigma-Aldrich) in 

DMF and washed again liberally with DMF.  Fmoc-Trp(Boc)-OH was doubly 

coupled after ninhydrin testing revealed an incomplete coupling after a single 

reaction.  The N-terminus was capped by reacting the deprotected amino-acid with 

0.3M acetic anhydride (Sigma-Aldrich) in DMF.  The resin was then successively 

washed with dichloromethane, DMF, isopropyl alcohol, methanol, and ethyl ether to 

remove any trace synthesis reagents and stored under nitrogen at 4ºC. 



 117 

The finished protected peptide was liberated from the resin by reacting with 1:4 

hexafluoroisopropanol:chloroform for 1 hour.  The suspension was filtered and the 

resin was washed thrice with chloroform.  The flowthrough was collected and 

evaporated to dryness.  The C-terminal carboxylic acid was esterified following a 

modified protocol reported by the Imperiali group with 4 equivalents of 3-

mercaptopropionic acid ethyl ester (MPA; TCI America), 4 equivalents of HBTU, 

and 8 equivalents of DIPEA in DMF for 16 hours [7].  The resulting product was 

precipitated with six volumes of diethyl ether and pelleted by centrifugation.   The 

pellet was washed with diethyl ether, centrifuged again, and dried under a stream of 

nitrogen gas.  Amino-acid side chain protecting groups were removed by 

resuspending the dried thioester product in 95% TFA, 2.5% triisopropyl silane, 2.5% 

water for one hour.  Precipitation with diethyl ether and centrifugation afforded a 

white pellet.  This pellet was again washed with diethyl ether and centrifuged before 

suspending in water with 0.1%TFA and lyophilizing.  The crude thioester peptide was 

further purified by C18 RP-HPLC and mass was confirmed by ESI-MS. 
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Native Chemical Ligation and De Novo Folding 

Purified fragments of truncated 50T70GFP! A206K with an N-terminal 

cystein were combined with between 2 to 10 molar equivalent excess of purified 21-

mer thioester peptides in 6M Guanidine•HCl, 0.1M sodium phosphate pH 8.0, 5mM 

4-mercaptophenylacetic acid, 5mM TCEP to 0.25mM with respect to the truncated 

protein for 24 hours.  Sampling 20 µL of the reaction mixture at set intervals, 

isolating the protein fraction by TCA precipitation in 200 µL 5% trichloroacetic acid, 

and evaluating resulting protein bands by SDS-PAGE, progress of the native 

chemical ligation was monitored.  The ligation reaction mixture was diluted into 

25mM MES pH 8.5, 8M Urea, 10mM EDTA, 0.1mM DTT so that the protein 

concentration was between 0.128 mg/mL and 0.0625 mg/mL and incubated at room 

temperature for one hour.  The ligation reaction products were then folded by rapidly 

diluting dropwise into 100-fold 50mM Tris•HCl pH 8.5, 500mM NaCl, 1mM DTT.  

Folded protein was isolated from solution by passage over Ni2+-NTA resin, 

exchanging on resin into 20mM sodium phosphate pH 7.5, 300mM NaCl buffer, and 

then eluting with the same buffer supplemented with 250mM imidazole.  The eluting 

protein was dialyzed against buffer without imidazole and concentrated to 

approximately 1.5 mL with centrifugal 3kDa MWCO filters.   

 Absorption measurements were taking on a BioCary 300 UV/visible 

spectrophotometer.  Background absorption signals due to buffer were subtracted 

from spectra manually.  Samples for MALDI mass spectrometry were prepared by 

C18 Zip-tip (Millipore). 
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Results and Discussion 

 

 

In an effort to study the chromophore formation process in GFP, we utilized a 

semi-synthetic native chemical ligation technique to incorporate unnatural amino 

acids into the central helix of the GFP protein.  As previously described, the 

expression and endoproteolysis of a protein with an N-terminal cysteine was carried 

out under semi-denaturing conditions, yielding the 50T70GFP! A206K scaffold for 

native chemical ligation. 

Prior to the generation of peptide thioesters, protected unnatural amino acids 

suitable for peptide synthesis were purchased (Fmoc-N-methyl-Tyrosine(tBu)-OH) or 

synthetically made. Synthesis of the tyrosinyl-glycine pseudo-dipeptide that lacks the 

carbonyl group on the tyrosine, was completed in sufficient yield through a 5 step 

synthesis.  The original method followed a protocol from Salvi et al by coupling 

glycine to the Fmoc-Tyrosinal(tBu)-OH via sodium cyanoborohydride reductive 

amidation [8].  While this reaction was attempted under various organic and aqueous 

mixed solvent conditions, the major product was a double Fmoc-Tyrosinal(tBu)-OH 

coupling to the glycine molecule.  Since the glycine zwitterion is not soluble in 

organic solutions and the Fmoc-Tyrosinal(tBu)-OH is preferably soluble in THF, any 

glycine that does solubilize into organic solution and couples to Fmoc-

Tyrosinal(tBu)-OH will be preferably double coupled.  The use of organic solvent 
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soluble ethylglycine as a coupling reagent alleviated this problem and produced 

compound 4 in good yield.  As a SPPS accessible secondary amine, the bridging 

amine between the glycine and tyrosine was protected with a tert-butloxycarbonyl 

group.  Deprotection of the ethyl group with base generated the carboxylic acid of the 

glycine, but also deprotected the Fmoc group on the tyrosine.  Reprotection of the 

tyrosine moiety with Fmoc-Cl yielded the pseudo-dipeptide adduct.  ESI mass 

spectroscopy confirmed the generation of each intermediate and the final product (see 

Appendix 1). 

The solid phase synthesis of peptide thioesters for native chemical ligation 

was carried out via a resin free protected peptide intermediate as described earlier, 

except these syntheses incorporated the N-methyl tyrosine and the tyrosine-glycine 

pseudodipeptide.  ESI mass spectrometry confirmed the incorporation each unnatural 

amino acid into the final peptide thioester.  Each peptide thioester was purifed by 

HPLC, as was done with the wild type peptide thioester described earlier (Figure 4.4, 

4.5). 
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Figure 4.4. HPLC purification of the N-methyl tyrosine containing thioester 
peptide.  A. the major peak eluting at 29 minutes was isolated and lyophilized. B. the 
ESI mass of the 29 minute elute matches the calculated M+2/2 and M+3/3 for this 
peptide. C. Structure of the peptide thioester, with the thioester in pink and the N-
methyl group in green. 
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Figure 4.5. HPLC purification of the pseudo-dipeptide containing thioester 
peptide. A. the major peak eluting at 30 minutes was isolated and lyophilized.  B. the 
ESI mass of the purified thioester peptide matches the calculated  M+2/2 and M+3/3 
for the peptide thioester. C. Structure of the pseudo-dipeptide thioester, thioester in 
pink, pseudo-dipeptide bond in green. 
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These purifed peptides were then ligated in denaturing solution to the 

truncated 50T70GFP! A206K construct at 250 µM for 24 hours, and the resulting 

protein was de novo folded (Table 4.1, Figure 4.6). The resulting protein was 

characterized by UV visible absorption and evaluated for interruptions in the 

chromophore forming process by mass spectrometry (Figure 4.7, 4.8). 

Table 4.1.  Protein and peptide amounts used in native chemical ligation 
reactions. 

Amino-Acid derivative at 
Y66 

N-terminal Cys 
50T70GFP!  A206K 
in mg (nmol) 

C-terminal peptide 
thioester in mg 
(nmol) Molar ratio 

Tyrosine 11.9 (478) 11.68 (4711) 9.85 
N-Methyl-Tyrosine 11.34 (455.2) 12.38 (4965) 10.9 
Pseudo-Dipeptide 
Tyrosine 13.43 (539.1) 8.15 (2606) 4.8 
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Figure 4.6. Native chemical ligation of the peptide thioester to 50T70GFP!  
A206K.  A. Thioester peptides and the N-terminal cysteine protein 50T70GFP! 
A206K were ligated in denaturing solution using a water soluble thiol catalyst for 24 
hours.  Samples are taken when the reaction was initiated and terminated. Gel bands 
(1) Wild-type thioester ligation T=0, (2) T=24hrs., (3) N-methyl tyrosine ligation 
T=0, (4) T-24hrs., (5) Pseudodipeptide ligation T=0, (6) T=24hrs., (7) NEB Broad 
Range Ladder.   B. ligation product was de novo folded and concentrated. Samples 
are as follows (1) 50-GFP! A206K-entero, (2) 50T70GFP! A206K, (3) NEB Broad 
Range Ladder, (4) wt peptide thioester to 50T70GFP! A206K, (5) N-methyl 
Tyrosine thioester to 50T70GFP!  A206K, (6) Pseudo-dipeptide thioester to 
50T70GFP! A206K C.  Visible evaluation of chromophore formation in the de novo 
folded ligation sample by exposure to 365 nm transillumination. 
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Figure 4.7 Absorption spectrum of the wild-type, N-methyl tyrosine, and pseudo-
dipeptide ligation products after de novo folding.  Absorption maxima for the wild-
type sample are denoted, while the N-methyl tyrosine and the pseudo-dipeptide 
samples show no absorption peaks other than the 280 nm band corresponding to 
protein absorption. 
 

 

 

397 nm 

475 nm 
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Figure 4.8 MALDI mass spectrum analysis of folded wild type peptide, N-methyl 
tyrosine, and pseudo-dipeptide ligation products. Ligated and de novo folded 
products with unnatural amino-acids that disrupt chromophore formation were 
purified from buffer using C18 Zip-Tips and submitted for MALDI mass analysis.  
The specific amino-acid derivatives introduced into the chromophore forming 
tyrosine are noted in the inset text boxes.  
 

The N-methyl tyrosine derivative and the pseudo-dipeptide derivative show 

no absorption peak in the 300 to 600 nm range and no visible fluorescence emission 

indicating that chromophore formation has been interrupted.  With no means of 

determining the intermediate chromophore structure based on absorption spectra 

within either the N-methyl tyrosine or the pseudo-dipeptide folded proteins, these 

samples were instead submitted for MALDI mass spectrometry.   The mass for the wt 

product that is within 6 Da of the expected mass of 27238 (27216 (base amino acids) 

+ 42 (N-acetyl) – 18 (dehydration) – 2 (oxidation)) found 27244.  The mass of the N-
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methyl tyrosine ligation product shows a mass of 27285, one Da difference from a 

structure that would predict a trapped peroxide with a dehydrated tyrosine 

intermediate in chromophore formation; 27286 (27230 (base amino acids) + 42 (N-

acetyl) – 18 (dehydration) + 32 (trapped peroxide).  These results indicate that the 

addition of a methyl group on the tyrosine that forms the chromophore does not 

prevent dehydration of the intermediate chromophore structure.  This result is 

unexpected, because if the chromophore is in a dehydrated state, then the 

prechromophore structure must have formed a quaternary amine at either the glycine 

nitrogen or at the N-methyl modified tyrosine to accommodate the extra electron from 

the release of the hydroxide.  This arrangement would create a positively charged 

imine that would need to rearrange to accommodate this added charge.   Interestingly, 

the additional mass of 32 Da may correspond to a trapped peroxide intermediate at 

the C! of the tyrosine, although such a species would be highly unstable and the 

additional mass may simply be from oxidation of methionine residues within the 

protein.  The addition of two oxygen atoms outside of the chromophore is not seen in 

the wild-type ligation product, which supports a trapped peroxide intermediate as the 

source of the additional mass.  It may be possible that the methyl group on the 

tyrosine nitrogen is involved with the release of a peroxide moiety at the C! of the 

tyrosine after it is formed.  With this nitrogen trapped in as a tertiary amine, the 

peroxide group may form, but not eject from the molecule. 

The pseudo-dipeptide ligation product, lacking the carbonyl group of Tyr66, 

depicts a mass of 27281, corresponding to a mass of the protein with, again, a 
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potential peroxide intermediate but most likely no dehydration product; 27276 (27202 

(base amino acids) + 42 (N-acetyl) + 32 (trapped peroxide)). In this case, though, we 

see no dehydration product suggesting that removal of the tyrosine backbone 

carbonyl either prevents the first cyclization step in chromophore formation (i.e. the 

carbonyl of the serine is still present) or prevents dehydration at this position.  As 

with the N-methyl ligation product, the additional mass of two oxygens suggests 

either a peroxide intermediate at the C! of the tyrosine or two oxidized methioine 

residues (4 Met within the protein itself).  Again, given that the wt ligation product 

(prepared identically to the unnatural amino-acid substitutions) shows no methionine 

oxidation, a peroxide adduct may be the cause of the added mass.  If the protein does 

have a peroxide intermediate, with a hydrated intermediate chromophore, then 

removal of the carbonyl group from the tyrosine backbone prevents dehydration but 

does not prevent oxygen addition and peroxide formation.  These results suggest that 

the carbonyl of the tyrosine is involved with the dehydration mechanism of the 

chromophore.  Coupled with the unusual results seen from the N-methyl tyrosine 

adduct, the dehydration step may involve the formation of a imine along the C-N 

bond that initially cyclized the chromophore, generating a positive charge on the 

glycine nitrogen that may be dissipated through rearrangement of the imidazole ring, 

ending at the C! of the tyrosine that then traps the peroxide group.  As these results 

are still preliminary, samples of these ligation products have been submitted for high-

resolution mass spectroscopy to shed further light on the possible intermediate states 

seen in these molecules. 
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Summary 
 
 
 
 
 

 In this chapter, we use two unnatural amino acids to probe the formation of 

the GFP chromophore.  These amino acids are incorporated into the critical Tyr66 

position of the chromophore by a semi-synthetic native chemical ligation technique.  

We synthetically generated a tyrosine-glycine pseudodipeptide adduct that, along 

with an N-methyl tyrosine derivative, were incorporated into peptide thioesters.  

These thioesters were then ligated to a truncated version, 50T70GFP! A206K, of the 

previously established circular permutant of GFP, 50-GFP! A206K.  De novo folding 

and analysis of the resulting protein ligation products by mass spectroscopy revealed 

unexpected chromophore intermediate structures.  While the N-methyl tyrosine 

derivative was chosen to halt dehydration at the carbonyl of Ser65, the mass result 

from this ligated protein showed a dehydrated molecule.  This implies that if the 

protein is dehydrated, it must have formed a positively charged cyclic imine at either 

the nitrogen of Gly67 or the N-methylated tyrosine.  Rearrangement of this charge to 

the C! of the tyrosine may trap the peroxide group at this position, explaining the 

added mass of 32 Da for this sample.  The added 32 Da mass is also seen in the 

pseudo-dipeptide product, but this sample may be in a hydrated form (as calculated 

by MALDI mass peaks).  This data suggests that the carbonyl at position 65 is 

important for the dehydration reaction, since the absence of it prevents dehydration 

and, like the N-methyl tyrosine product.  These data suggest interesting and alternate 
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pathways in GFP chromophore formation and will need further study to interpret our 

unexpected results. 
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Introduction 
 
 
 

 
 

The semi-synthetic technique used in the previous chapters can also be 

extended to introduce novel functionality into the chromophore residues that do not 

distrupt the formation of the chromophore.  These modifications then alter the 

spectral properties of the GFP chromophore and may elucidate interesting 

photophysical modifications within the protein matrix.  Fluorination of the tyrosine 

ring lowers the pKa of the phenol group [1-3].  In the context of the GFP 

chromophore, a fluorinated tyrosine with reduced pKa would promote an ionized 

phenolate on the chromophore that would more easily release a proton through the 

ESPT network within GFP upon excitation.  This modification may possibly shift the 

ground state ionization ratio of the GFP chromophore within the wild-type hydrogen-

bonding network further to a B state from the favorably populated A state.  While an 

ionized B form is seen in the S65T variant of GFP, this is due to the mutation that 

specifically disrupts the hydrogen bonding network in GFP by modifying the 

hydrogen bonding to Glu222 [4].  In a 3,5-difluorinated tyrosine, proposed here, the 

ionization state may change due to a lower pKa, but presumably, the hydrogen-

bonding network would still be present in this wild-type context [5].  Spectroscopic 

studies on this variant would therefore prove interesting, especially if the hydrogen-

bonding network is proven intact in this protein.  An alternate modification, meta-

hydroxyl-tyrosine, would relocated the phenol oxygen away from the usual para 
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position (Figure 5.1).  The relocation of this group may have both implications on the 

formation of the chromophore, on the spectroscopy of this protein if it does form 

chromophore, and would be the first introduction of such a modification within the 

GFP protein. 
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Figure 5.1. Proposed unnatural amino acids to incorporate into the GFP 
chromophore and modulate photophysics.  A. meta-hydroxyl tyrosine relocates the 
hydroxyl group. B. native tyrosine, pKa=10. C. 3,5-difluorotyrosine, pKa=6.8[6]. 

 
 
 
 As the fluorinated derivative of tyrosine was not commercially available, 

biosynthetic synthesis of this amino acid derivative was completed using tyrosine 

phenol lyase (TPL) from Citrobacter Freundii [2, 3, 7, 8].  After isolation from the 

enzymatic reaction, this fluorinated derivative was protected on the phenol group with 

a tert butyl group and protected on the backbone amine with an Fmoc group, 

rendering it usable in solid phase synthesis. 

 
 
 
 
 
 
 
 

 

A. B. C. 
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Methods 

 
 
 
 
 

Insoluble Expression of Protein and Endoproteolytic Cleavage 

Plasmid bearing the 50-GFP! A206K gene with the enterokinase recognition 

tag encoded N-terminal to Cys70 (p50-GFP! A206K-entero) was transformed into 

BL21(DE3)-pLysS cells and grown in 500 mL cultures of LB media supplemented 

with 200 µg/ml of ampicilin and 30 µg/ml of chloramphenicol at 37ºC shaking 250 

RPM for 2 ! hours.  The temperature was raised to 42ºC and protein expression was 

induced with 0.8mM IPTG for 3 hours.  Cells were harvested by centrifugation at 

5,000 x g and stored at -20ºC.  Cells were resuspended in 50mM HEPES pH 7.9, 

300mM NaCl, 5mM "-mercaptoethanol and passed through a French press 4 times.  

Whole cell lysate was centrifuged for 90 minutes at 125,000 x g and the soluble lysate 

fraction removed.  The remaining inclusion body pellet was resuspeded in 100mM 

Tris•HCl pH7.9, 500mM NaCl, 15mM EDTA, 5mM DTT, 2% Triton X-100 and 

centrifuged again for 30 minutes at 5,000 x g.  The inclusion bodies were washed (i.e. 

resuspended and centrifuged at 5,000 x g) twice with 100mM Tris•HCl pH7.9, 

500mM NaCl, 15mM EDTA, 5mM DTT, then washed twice with 50mM HEPES pH 

7.9, 50mM NaCl, 1mM DTT, and finally flash frozen in 1.5 mL alliquots in liquid N2 

and stored at -80ºC. 
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Thawed aliquots were solubilized in 13.5 mL 20mM Tris•HCl pH 7.9, 50mM 

NaCl, 2mM CaCl2, 20mM methylamine, 1mM DTT (enterokinase buffer) 

supplemented with 8M Urea and incubated for one hour at room temperature.  Protein 

was filtered through a 0.22 µM filter and dialyzed overnight to 1.5M urea in 

enterokinase buffer. The resulting protein was cleaved with the addition of 1:1000 

U/ug recombinant enterokinase (Novagen) or 0.000075% w/w recombinant 

enterokinase (New England Biolabs) at 4ºC for 24 hours, flash frozen, and 

lyophilized. The dried protein was suspended in 50/49.9/0.1 TFA and purified via 

HPLC on a Vydac protein and peptide C18 reverse phase column with a linear 

gradient from 95/4.9/0.1 water/acetonitrile/TFA to 95/4.9/0.1 acetonitrile/water/TFA 

over 47.5 minutes at 8 mL/min.  Eluant that showed an intense 280 nm peak was 

collected, rotary evaporated, and lyophilized.  This product was used subsequently for 

native chemical ligation. 

 

Fluorinated Tyrosine Synthesis and Protection for SPPS 

 The tpl gene for tyrosine phenol lyase was amplified from Citrobacter 

freundii genomic DNA by polymerase chain reaction on whole C. freundii cells 

(ATCC: 29063) using the primers 

5’ CTAGCTAGCATGAATTATCCGGCAGAACCC 3’ and 

5’ CCGCTCGAGGATATAGTCAAAGCGTGCAGT 3’.  The PCR product and 

pET23b expression vector were digested with NheI and XhoI and cut fragments were 

isolated and extracted from a 2% agarose gel.  The endonuclease cut tpl gene and 
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pET23b vector fragments were ligated together overnight and transformed into E. coli 

XL1-Blue cells.  Colonies that grew on amplicilin selective media were grown in 

liquid culture and plasmid isolated via a Wizard mini-prep kit.  Plasmids testing 

positive for insert were transformed into E. coli BL21(DE3)-pLysS, grown to mid-log 

phase in 0.5 L cultures, and induced with 0.8mM IPTG.  Cell were isolated from 

media by centrifugation at 5,000 x g and resuspended in 100mM potassium phosphate 

pH 7.0, 150mM NaCl (TPL buffer), supplemented with 5mM imidazole, 5mM "-

mercaptoethanol, and 0.1 mM pyridoxal 5’ phosphate.  Cells were lysed by sonciation 

at 15W in 30-second intervals with 5 repetitions. Lysate was cleared by centrifugation 

at 125,000 x g, passed through a 0.22 µm filter, and bound to a 5 mL bed volume of 

Ni2+-NTA resin.  Protein was washed and eluted with TPL buffer supplemented with 

20mM imidazole and 250mM imidazole, respectively.  Eluted protein was dialyzed 

against 3 L of TPL buffer and concentrated to 3 mg/mL (6 units/mL)[9]. 

 Synthesis of 3,5 difluortyrosine was carried out by adding 30 units of tyrosine 

phenol lyase in two portions over two days to a 4 L solution of 30mM ammonium 

acetate pH 8.0, 10mM 2,6-difluorophenol (5g), 60mM sodium pyruvate, 5mM "-

mercaptoethanol, and 40 µM pyrdioxal-5-phosphate[3].  The reaction was allowed to 

proceed for four days at room temperature in the dark.  The solution was acidified to 

pH 3 and filtered through a celite pad.  Excess phenol was extracted twice with ethyl 

acetate and the aqueous phase loaded onto Dowex AG50W-X8 resin precharged with 

1M HCl.  The column was washed with 1L water, and tyrosine was eluted with 10% 

ammonium hydroxide.  Fractions that showed positive ninhydrin tests were pooled, 
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rotary evaporated and lyophilized. 3,5-difluorotyrosine (7) yield; 546.05 mg (2.51 

mmol), 6.53%.  ESI mass expected M+1 218.06; found 218.0. 
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Figure 5.2. Synthesis of Fmoc-L-3,5-difluorotyrosine(tBu)-OH from L-3,5-
difluorotyrosine.  Biosynthetically generated L-3,5-difluorotyrosine (7) was methyl 
esterified (8) at the carboxylic acid and Fmoc protected (9) at the amine so that the 
remaining phenol could be protected with a tertiary butyl group (10).  Deprotection of 
the methyl group in basic conditions and reprotection of the amine with Fmoc 
generated the SPPS compatible product (11). 
 

 

Preparation of L-3,5-difluorotyrosine methyl ester. (8)  

Methodology as listed in Seyedsayamdost et al was followed [3].  Briefly, L-

3,5-difluorotyrosine was dissolved in methanol and thionyl chloride (10 equivalents) 

was added dropwise. The solution was stirred for 3 days at room temperature until 
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completion.  Solvent was removed by rotary evaporation and diethyl ether added to 

precipitate the product. 

 

Preparation of N-(9-Fluorenylmethoxycarbonyl)-L-3,5-difluorotyrosine  
methyl ester. (9)  
 
L-3,5-difluorotyrosine methyl ester was dissolved in aqueous sodium 

bicarbonate and fluroenylmethyloxycarbonyl chloride was added and stirred at room 

temperature until completion.  The solution was acidified to pH 3 with 10% 

hydrochloric acid and extracted with ethyl acetate.  The organic phase was rotary 

evaporated and provided the product. 

  

Preparation of N-(9-Fluorenylmethoxycarbonyl)-O-tert-butyl-L-3,5-difluorotyrosine 
methyl ester. (10) 

 
 Methodology as listed in Gopishetty et al was followed [2].  Briefly, Fmoc-L-

3,5-difluorotyrosine methyl ester was suspended in dichloromethane and acidified 

with sulfuric acid. Isobutylene gas was bubbled through the solution until the reaction 

was completed as judged by TLC.  The reaction was quenched with addition of 

saturated sodium bicarbonate and extracted with ethyl acetate.  The organic layer was 

rotary evaporated yielding the product. 
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Preparation of N-(9-Fluorenylmethoxycarbonyl)-O-tert-butyl-L-3,5- 
difluorotyrosine. (11)   
 
Fmoc-L-3,5-difluortyrosine(tBu) methyl ester was suspended in 50:50 

THF/H2O at 0ºC and lithium hydroxide added.  The reaction was allowed to warm to 

room temperature and stirred until judged complete by TLC. The reaction was 

neutralized with 10% hydrochloric acid and extracted with ethyl acetate to remove 

byproducts.  The aqueous fraction was lyophilized and resuspended in aqueous 

sodium bicarbonate and fluroenylmethyloxycarbonyl chloride was added and stirred 

at room temperature until completion.  The solution was acidified to pH 3 with 10% 

hydrochloric acid and extracted with ethyl acetate.  The organic phase was rotary 

evaporated and provided the product. 

 

Synthesis of peptide thioesters via a protected peptide 
intermediate synthesized on chlorotrityl resin 

 
The 21-amino acid peptides were generated by automated peptide synthesis on 

0.5 g of 2-chlorotrytil resin pre-loaded with H-Gln(Trt) (Advanced Chemtech;  

1 mmol/g substitution) on a Liberty - 12-Channel Automated Peptide Synthesizer 

(CEM Corp.). Meta-hydroxyl (L)tyrosine(tBu)-OH was obtained from RSP amino 

acids inc.  Fmoc-(L)3,5Difluototyrosine(tBu)-OH was synthesized as described (vide 

supra).  Fmoc-amino acids were coupled to the resin using 3 equivalents of Fmoc-

amino acid, 3 equivalents of 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 

hexafluorophosphate (HBTU), and 6 equivalents of N,N'-diisopropylethylamine 

(DIPEA; Fisher Scientific) and deprotected with 20% piperdine (Sigma-Aldrich) as 
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per the instrument protocol.  Fmoc-Trp(Boc)-OH was doubly coupled, as previous 

manual syntheses revealed inefficient coupling with one coupling step.  The N-

terminus was capped by reacting the deprotected amino-acid with 0.3M acetic 

anhydride (Sigma-Aldrich) in DMF.  The resin was then successively washed with 

dichloromethane, DMF, isopropyl alcohol, methanol, and ethyl ether to remove any 

trace synthesis reagents and stored under nitrogen at 4ºC. 

The finished protected peptide was liberated from the resin by reacting with 1:4 

hexafluoroisopropanol:chloroform for 1 hour.  The suspension was filtered and the 

resin was washed thrice with chloroform.  The flowthrough was collected and 

evaporated to dryness.  The C-terminal carboxylic acid was esterified following a 

modified protocol reported by the Imperiali group with 4 equivalents of 3-

mercaptopropionic acid ethyl ester (MPA; TCI America), 4 equivalents of HBTU, 

and 8 equivalents of DIPEA in DMF for 16 hours [10].  The resulting product was 

precipitated with six volumes of cold diethyl ether and pelleted by centrifugation.   

The pellet was washed with diethyl ether, centrifuged again, and dried under a stream 

of nitrogen gas.  Amino-acid side chain protecting groups were removed by 

resuspending the dried thioester product in 95% TFA, 2.5% triisopropyl silane, 2.5% 

water for one hour.  Precipitation with diethyl ether and centrifugation afforded a 

white pellet.  This pellet was again washed with diethyl ether and centrifuged before 

suspending in water with 0.1%TFA and lyophilizing.  The crude thioester peptide was 

further purified by C18 RP-HPLC and mass was confirmed by ESI-MS. 
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Native Chemical Ligation and De Novo Folding 

Purified fragments of truncated 50T70GFP! A206K with an N-terminal 

cystein were combined with between 2 to 10 molar equivalent excess of purified 21-

mer thioester peptides in 6M Guanidine•HCl, 0.1M sodium phosphate pH 8.0, 5mM 

4-mercaptophenylacetic acid, 5mM tris-2-carboxyethyl phosphine (TCEP) to 

0.25mM with respect to the truncated protein for 24 hours.  Sampling 20 µL of the 

reaction mixture at set intervals, isolating the protein fraction by TCA precipitation in 

200 µL 5% trichloroacetic acid, and evaluating resulting protein bands by SDS-

PAGE, progress of the native chemical ligation was monitored.  The ligation reaction 

mixture was diluted into 25mM MES pH 8.5, 8M Urea, 10mM EDTA, 0.1mM DTT 

so that the protein concentration was between 0.128 mg/mL and 0.0625 mg/mL and 

incubated at room temperature for one hour.  The ligation reaction products were then 

folded by rapidly diluting dropwise into 100-fold 50mM Tris•HCl pH 8.5, 500mM 

NaCl, 1mM DTT.  Folded protein was isolated from solution by passage over Ni-

NTA resin, exchanging on resin into 20mM sodium phosphate pH 7.5, 300mM NaCl 

buffer, and then eluting with the same buffer supplemented with 250mM imidazole.  

The eluting protein was dialyzed against buffer without imidazole and concentrated to 

approximately 1.5 mL with centrifugal 3kDa MWCO filters.   

 Fluorescence measurements were taken on a Quanta Master fluorimeter (Pho-  

ton Technology International).  Absorption measurements were taking on a BioCary 

300 UV/visible spectrophotometer.  Background absorption and fluorescence signals 
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due to buffer were subtracted from spectra manually.  Samples for MALDI mass 

spectrometry were prepared by C18 Zip-tip (Millipore). 
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Results and Discussion 
 
 
 
 

 Our aim in these studies was to incorporate unnatural amino acids into GFP 

that modulate the photophysics of the chromophore.  By site-specifically introducing 

a fluorinated derivative of tyrosine into Tyr66, the pKa of the resulting chromophore 

is reduced markedly.  Alternatively, the introduction of a meta hydroxyl-tyrosine 

displaces the phenol hydroxyl and may affect both the formation of the chromophore 

and the photophysics of the chromophore.   The introduction of these two modified 

amino acids was accomplished through the semi-synthetic native chemical ligation 

method detailed earlier in this work.    While strictly organic synthesis of fluorinated 

tyrosines is possible, such a synthesis is a multi-step reaction that produces racemic 

fluorinated tyrosine that is difficult to separate [11].  The stereoselective biosynthesis 

of fluorinated tyrosines was therefore produced from fluorinated phenol, pyruvic acid, 

and ammonia via a recombinantly expressed C. freundii tyrosine phenol lyase (TPL) 

enzyme [6-8, 12].  Reacting 2,6-difluorophenol with TPL yielded L-3,5-

difluorotyrosine in 6.53% yield based on the amount of phenol added to the reaction 

(Figure 5.3).  ESI mass spectrometry confirmed the identity and purity of the 

generated fluorotyrosine. 

The fluorinated tyrosine was methyl protected at the carboxylic acid and 

Fmoc protected at the amine to allow tert butyl protection with isobutylene at the 

phenol group.  Demethylation under basic conditions regenerated the carboxylic acid, 
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but also deprotected the amine.  Subsequent Fmoc reprotection at the amine provided 

the protected amino-acid suitable for solid-phase synthesis. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.  3,5-difluorotyrosine biosynthesis using tyrosine phenol lyase. A. 
Reaction equation for tyrosine phenol lyase.  Excess phenol and pyruvic acid 
substrates drive the reaction toward tyrosine synthesis. B. Recombinant expression 
profile of TPL, (1) New England Biolabs broad range ladder, (2) whole cell lysate, 
(3) soluble cell lysate, (4) Ni-NTA flowthrough, (5) 0mM Imidazole buffer wash, (6) 
20mM Imidazole buffer wash, (7) empty lane, (8) concentrated sample of purified 
TPL (6.25mg/mL; 12.5U/mL). C. ESI mass spectrum of biosynthesized 3,5-
difluorotyrosine; expected M+1 218.06, found 218.0. 

 

Peptide thioesters with the designed unnatural amino-acids were generated by 

SPPS, with only the protected 3,5-difluorotyrosine derivative providing low final  

 
 

NH3 OH

O

O

OH TPL H2N OH

O

OH

H2O+ + + 

52.8 kDa 

A. 

B. C. 
1   2   3   4   5     6   7    8   9    



 146 

Table 5.1. Overall yields of peptide thioesters generated for native chemical 
ligation. Each peptide incorporates a tyrosine at position 66 with either a side chain 
or a main-chain modification. Crude yields are determined after isolation of the 
peptide from the thioesterification reaction.  Percent yield of each peptide is based on 
a 1mmol/g resin loading.  
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yield (Table 5.1). Presumably, the phenol of 3,5-difluorotyrosine may be acidic 

enough to prematurely cleave the peptide from the acid sensitive chrolotrityl resin 

(pKa 6.8 vs. pKa 10) over the course of solid phase synthesis [6]. Premature 

liberation of peptide from chlorotrityl resin was seen in previous SPPS with 3,5-

dilfuorotyrosine when only the amine of the 3,5-difluorotyrosine was protected.  

Incorporation of fluorinated tyrosine derivatives into a peptide thioester may require 

an alternate method of peptide synthesis using a more acid stable resin, such as 

unchlorinated trytil resin [13]. 

 The native chemical ligation of these peptides to the enterokinase cut 

50T70GFP! A206K scaffold was accomplished in the same manner detailed earlier, 

except that the 3,5-dilfuortyrosine derivative was ligated at a lower molar ratio due to 

the limited amount of peptide thioester available (Table 5.2). 

Table 5.2. Protein and peptide amounts used in native chemical ligation 
reactions.  

Amino-Acid derivative at 
Y66 

N-terminal Cys 
50T70GFP!  A206K 
in mg (nmol) 

C-terminal peptide 
thioester in mg 
(nmol) Molar ratio 

Meta-Hydroxyl-Tyrosine 26.07 (1047) 27.14 (10950.0) 10.5 
3,5-Difluorotyrosine 13.11 (526.2) 2.3 (720.0) 1.4 
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Figure 5.4.  Native chemical ligation of peptide thioesters incorporating 
unnatural amino-acids to 50T70GFP!  A206K. A. ligation products were de novo 
folded and concentrated. Samples are as follows from left to right; 50GFP! A206K 
entero, 50T70GFP! A206K, NEB Broad Range Ladder, ligation products- wt, N-
methyl tyrosine, Pseudodipeptide, 3,5-difluorotyrosine, meta-hydroxyl tyrosine   C.  
Visible evaluation of chromophore formation in each sample by exposure to 365 nm 
transillumination. 
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Figure 5.5. Absorption  and fluorescence spectra of folded ligation products. de 
novo folded peptide ligation products concentrated to approximately 1.5 mL; 
absorption spectrum in (A) and fluorescence emission in (B) with listed excitation 
(ex) and emission (em) wavelengths. In the fluorescence spectrum, proteins are of 
equimolar concentration based on the major absorption band matching the wt peptide 
ligation product and fluorescence emission peaks are noted. 
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The ligation reactions were de novo folded and purified by application to Ni-

NTA resin (Figure 5.4).  The purified protein was then studied by UV visible 

absorption and fluorescence spectroscopy (Figure 5.5). 

The substitution of two fluorine atoms adjacent to the para-hydroxyl of the 

tyrosine in the 3,5dilfuorotyrosine peptide ligation product forces the formed 

chromophore into a completely anionic form, showing no absorption band at 397 nm 

and only weak fluorescence signal at 508 nm.  Interestingly, the anionic fluorescence 

emission of this protein is shifted to 511 nm from the expected 503 nm anionic 

emission seen in the wild-type peptide ligation product. 

As the 3,5difluorotyrosine peptide construct demonstrates an absorption and 

fluorescence emission spectrum similar to S65T GFP by exhibiting a single 

absorption (475 nm) and fluorescence emission peak (511 nm vs. S65T GFP at 510 

nm), investigation into whether this difluoroinated protein exhibits a similar decrease 

in fluorescence upon a decrease in pH were undertaken [14-16] (Figure 5.6).    While 

both the wild-type peptide ligation product and a sample of the natively expressed 

50GFP! A206K protein show a decrease in protein fluorescence with a shift of the 

emission peak from approximately 503 nm to 499 nm, similar to natively expressed 

wtGFP, the 3,5-dilfuorotyrosine derivative shows a much larger shift from the 511nm 

emission peak to approximately 501 nm.  This result differs from the titration of S65T 

GFP in that the S65T GFP does not exhibit this shift in peak emission [14].  Based on 

a global incorporation of either 3-fluorotyrosine or 2-fluorotyrosine into EGFP 

(F64L, S65T mutations), emission maxima either blue shift (504 nm for 2-
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fluorotyrosine) or red shift (514 nm for 3-fluorotyrosine) [5].  The electron 

withdrawing properties of two fluorine atoms adjacent to the phenol hydroxyl in the 

3,5-difluorotyrosine derivative would suggest a larger red shift than the 3-

flurotyrosine derivative, therefore this discrepancy must be due to the S65T mutation 

in the 3-fluortyrosine derivative that drives the emission further into the red than the 

3,5-difluorotyrosine in the context of the wt sequence.  This result would also suggest 

that the hydrogen-bonding network present in the 3,5-difluorotyrosine derivative that 

is disrupted in the S65T mutant has the effect of stabilizing the excited state and 

limiting the amount by which the emission is red shifted.  Additionally, the shift in 

absorption and emission spectra in the 3,5-dilfuorotyrosine derivatives that appear 

spectrally like S65T may simply be due to the tendency of the phenol to be ionized 

(i.e. lower pKa), thereby exhibiting a preferentially ionized chromophore still within 

the wild-type hydrogen bonding network.  This reasoning also explains the weak 

emission band seen at 508nm when irradiated into the neutral 397 nm band in the 3,5-

difluorotyrosine ligation product, indicative of a minor neutral chromophore species 

that would not be present if this unnatural amino-acid truly behaved as S65T GFP 

does. 
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Figure 5.6. pH titration of 3,5-difluorotyrosine, wild-type ligation products 
compared to natively expressed wtGFP and 50-GFP! A206K.  Equimolar protein 
based on 475 nm absorption was diluted into differing pH buffer  (pH 7.5 green, pH 5 
yellow, pH 4.5 red, pH 4 blue), excited at 475 nm, and fluorescence emission scanned 
from 480 to 600nm. A. Overlay of natively expressed wtGFP, 50-GFP! A206K, and 
the wild type peptide thioester ligation product B. overlay of 50-GFP!  A206K with 
the 3,5-filfluorotyrosine ligation product.  Fluorescence maxima are as indicated, np = 
no peak. 
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The meta-hydroxyl tyrosine derivative shows only a band corresponding to 

the absorption of a neutral chromophore at 397 nm and, interestingly, an additional 

peak at 374 nm.  The presence of absorption bands other than at 220 nm and 280 nm 

indicates that the conjugated chromophore is present in this sample, indicating that 

the movement of the hydroxyl group does not affect chromophore formation.  

Additionally, the presence of absorption bands at 397 nm indicates that the protein 

exists solely as a neutral A state species (lacking the anionic absorption at 475 nm). 

This result would suggest that the meta hydroxyl of the tyrosine is positioned so that 

the chromophore is prevented from ionizing, highlighting the importance of the 

hydrogen bonded residues around the para-hydroxyltyrosine that stabilize the excited 

anionic chromophore in wtGFP.  This construct has an exceptionally weak 

fluorescence signal (Figure 5.5B).  Further TRF work may elucidate the nature and 

timescales of fluorescence of this potential A state-only chromophore. 

The 3,5-difluorinated peptide ligation product shows a major absorption peak 

corresponding to the anionic form of the chromophore.  Irradiation into the neutral 

band of the chromophore shows a highly diminished fluorescence peak relative to the 

wild-type ligation product, confirming the shift in ionization state of the chromophore 

caused by fluorination.  Interestingly, irradiation into the major absorption band at 

475nm gives rise to a fluorescence peak at 511nm instead of the expected 503 nm.  

This is a larger shift than is seen in previous EGFP (with only one anionic absorption 

band) 2-fluorotyrosine (510 to 504 nm) and 3-fluorotyrosine (510 to 514 nm) 

constructs and is in agreement with the inductive effect of the fluorine isosteres seen 
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within these variants [5].  In an effort to induce the formation of a neutral 

chromophore within this protein, pH titration studies were conducted to establish the 

pKa of protonation for this chromophore (Figure 5.6).  As with wtGFP, 50-GFP! 

A206K, and the ligated wt peptide product, the 3,5-difluorotyrosine loses 

fluorescence signal as the pH of the buffer is lowered.  Loss of fluorescence in these 

variants is similar to the loss of fluorescence seen in the S65T variant, presumably 

due to increasing populations of low fluorescing neutral chromophore (A state) within 

the protein [5].  Interestingly, the 3,5-difluorotyrosine derivative still shows a minor 

fluorescence signal even at pH 4 where the non-fluoroinate derivative shows no 

emission peak, indicating some ionized and fluorescing chromophore even at this pH 

(Figure 5.6).  This variant seems to behave like a hydrogen bond network disrupted 

S65T GFP, but presumably within an intact hydrogen bonding network, therefore an 

investigation into the state of the hydrogen bonding network by ultrafast techniques 

may provide additional insights into this unique variant. 
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Conclusions and Future Directions 

 

 

Previous attempts in the Tonge Lab by Dr. Deborah Stoner-Ma to create a GFP 

scaffold amenable to unnatural amino acid incorporation to elucidate the GFP 

chromophore formation mechanism focused on a three peptide approach with the 

synthetic peptide bearing the designed unnatural amino acids being the middle 

portion.  While promising, these experiments were hampered by protein insolubility 

and low yields, but offered valuable guidance for the studies presented in this 

dissertation.  Rather than continue with the three peptide approach, we decided to 

design a circular permutation that reduced the number of peptides to two and the 

ligation steps to one.  At the onset of the project, our goal was to generate a circular 

permutant of GFP that behaved photophysically like wtGFP.  After developing such a 

permutant, extensive testing revealed that it did indeed behave like wtGFP and could 

serve as a homologue to wtGFP.  Importantly, this permutant retained the critical 

hydrogen-bonding network found within wtGFP that is often disrupted in other GFP 

mutants (i.e. S65T, EGFP).  By developing a novel semi-denaturing endoproteolytic 

method to truncate this circular permutant, a GFP protein scaffold lacking the central 

chromophore bearing ! helix with an N-terminal cysteine was produced in high yield.  

A method to generate peptide thioesters via Fmoc solid phase peptide synthesis that 

could be ligated to this truncated GFP scaffold was also developed. 
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Our aim in developing these methods was to incorporate unnatural amino acids 

into the synthetic peptide thioester that would, upon native chemical ligation to the 

truncated GFP scaffold and de novo folding of the ligation product, form the 

chromophore and study its formation, thereby contributing to our understanding of 

the biosynthetic route(s) of chromophore formation.  In order to incorporate unnatural 

amino acid variants into peptide thioesters that would provide maximum insight into 

chromophore biosynthesis, we endeavored to synthesize several unnatural amino 

acids not yet commercially available. 

Upon incorporation of unnatural amino acids into the circular permutant, we 

found that the N-methyltyrosine and tyrosine-glycine psuedodipeptide GFP variants 

did not exhibit any absorption peaks besides the protein absorption bands at 280 nm 

and 220 nm, indicating an interruption in chromophore formation. The route proposed 

by the Getzoff group places dehydration as a necessary prerequisite before oxidation 

during chromophore formation, while the Wachter model proposes an inverse of these 

steps [17-19].  The N-methyl tyrosine derivative was designed to prevent dehydration 

of the carbonyl of Ser65 and test if the C! - C" bond of the tyrosine is still capable of 

being oxidized. MALDI data indicates a protein mass with a dehydrated peroxide 

adduct intermediate that suggests dehydration is possible prior to oxidation, in 

support of the Getzoff model.  Conversely, the pseudodipeptide ligation product 

shows a hydrated peroxide adduct, indicating that oxidation of the tyrosine side chain 

is possible prior to dehydration, in support of the Wachter model.  These conflicting 

results may indicate that each step in chromophore formation occurs independent of 
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the other and mature chromophore is formed only when both steps have finished. In 

addition to preliminary MALDI mass spectroscopy, these samples are currently 

submitted to collaborators for high-resolution mass spectrometry to determine the 

intermediate states of chromophore formation.  We believe this data will give us 

further insight into the progression of the chromophore biosynthesis. 

Beyond elucidating the biosynthetic pathway for chromophore posttranslational 

modification, in this study we generated and incorporated other tyrosine 

modifications that alter the photophysical spectrum of GFP.  Incorporation of a 3,5-

difluorotyrosine derivative generates a chromophore, which based on absorption and 

emission spectra, is largely in the B state.  While the excitation of A to A* and ESPT 

to I* can easily be studied, conversions of B states to I and A states are infrequent and 

therefore the photophysics are difficult to study [20, 21].  Our current experiments are 

focused on how the fluorination of the chromophore phenol affects both the pKa of 

the chromophore and the state of the hydrogen-bonding network surrounding this 

chromophore by pH titration studies.  By incorporating other fluorotyrosine 

derivatives, we can effectively modulate the pKa of the phenol hydroxyl and look at 

trends of the A state neutral form converting to the anion B state and study the 

photophysical equilibrium between these states using TRF. 

 The meta-hydroxyl tyrosine derivative displayed only a neutral form of the 

chromophore (absorbance at 397 nm) with a second absorption peak at 374 nm.  

Interestingly, this meta-hydroxyl derivative has a very weak fluorescence emission 

indicating a serious disruption of the normal GFP photocycle simply due to the 
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relocating of the phenol hydroxyl group.  This derivative may be maintained in a 

protonate state within the protein environment, thereby exhibiting A state absorption 

and emission behavior.  Again, further TRF studies on this derivative may provide 

further insight into the modified photocycle of this variant. 

The initial studies presented here open up extensive possibilities for future 

modification of the GFP chromophore using unnatural amino acids. Using the 

methods developed here, virtually any modification that will fit within the " barrel of 

GFP and that is compatible with solid phase peptide synthesis may be used with this 

system.  Additionally, this method does not use cells to incorporate unnatural amino 

acids that are either toxic or incorporated inefficiently, as the modified amino-acid is 

synthetically incorporated into the peptide and then ligated to the cell expressed 

protein half.  Other potential derivatives that modulate the chromophore include; the 

addition of extra conjugation that red shifts chromophore absorption and emission 

could be added to mimic the fluorescence of red fluorescent protein within the wtGFP 

environment, the phenol ring of the tyrosine could be linked to the imdiazolinone 

ring, thereby creating a three ring system within GFP, and incorporation of an ortho-

tyrosine could lead to a tightened hydrogen bond network directly to Glu222.  

Spectroscopic analysis of each of these unnatural incorporations would provide 

valuable insight into photophysical behavior of the chromophore. 

Additionally, our use of a dispeudopeptide on within the active site of a protein 

is the first example in the field incorporating a tyrosine lacking a carbonyl into a 

protein.  While this is a synthetically generated main chain modification, the loss of 
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the carbonyl makes the adjacent nitrogen a secondary amine as opposed to an amide 

peptide bond.  This makes the amine more flexible without the steric influence from 

the carbonyl.  This makes it a good candidate for incorporation into systems where 

decreased sterics or removal of a key carbonyl may aid in elucidating catalytic 

mechanisms. 

While other groups have made circular permutants of GFP, we are first to 

exploit the position of our circular permutation to incorporate unnatural functionality 

and investigate chromophore formation and photophysics.  Notably, our circular 

permutant creates a single polypeptide chain via the designed linker, which simplifies 

the native chemical ligation to one step.   

Although analysis of the GFP variants characterized in this project is ongoing, 

we have already created a pivotal tool for the study of chromophore biosynthesis and 

GFP chromophore photophysics.  While pH studies, additional mass spectrometry, 

and TFR spectroscopy will answer the open questions about the intrinsic properties of 

GFP in ways that previous studies could not, the strenuous tasks of creating the 

circular permutant, optimizing expression and solubility, incorporating several key 

unnatural functionalities, successfully ligating, and de novo folding the products is 

complete.  Further investigations may now focus on generating deep insight into the 

structural and photophysical properties of GFP. 
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Appendix 1 – Pseudo dipeptide synthesis intermediate mass 
spectra. 
 
Compound 2: N-(Fluorenylmethyloxycarbonyl)-L-tyrosine (tert-butyl ester)-
hydroxyamate 

 
 
Compund 3: N-(Fluorenylmethyloxycarbonyl)-L-tyrosinal  
(tert-butyl ester) 
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Compund 4: N-(Fluorenylmethyloxycarbonyl)-L-tyrosyl (tert-butyl ester) amino 
ethyl-N-glycine ethyl ester 

 
 
Compound 5: N-(Fluroenylmethyloxycarbonyl)-L-tyrosyl (tert-butyl ester) amino 
ethyl-N,N-(tert-butyloxy carbamate) glycine ethyl ester 
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Compound 6: N-(Fluroenylmethyloxycarbonyl)-L-tyrosyl (tert-butyl ester) amino 
ethyl-N,N-(tert-butyloxy carbamate) glycine 

 


