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ABSTRACT OF THE DISSERTATION 

 

On the Rough Folding Landscape of Green Fluorescent Protein 
 

by 

 

Benjamin Thomas Andrews 

 

Doctor of Philosophy in Chemistry 

 

University of California, San Diego, 2008 

 

Professor Patricia A. Jennings, Chair 

 

 Energy landscape theory has developed into a dominant view of protein folding, and 

also provides insights into protein function and conformational changes.  One tenant of energy 

landscape theory is the existence of a folding funnel which gives proteins multiple routes of 

folding.  The principle of minimal frustration is an aspect of funnel theory that supposes 

energetic traps are very small on the landscape compared to the overall basin.  GFP is a unique 
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β-barrel protein used for fluorescent labeling, as it requires no cofactors and becomes 

fluorescent by an autocatalytic reaction of its own backbone.  Here, we study the unique 

folding of GFP using a combination of theoretical and experimental techniques, and study an 

observed hysteresis in folding equilibrium-type experiments.  Proline residues in the barrel lid 

are found to be a novel requirement for chromophore formation, in addition to previously 

known catalytic residues.  In the absence of the chromophore, hysteresis is abolished, 

suggesting that protein function causes landscape roughness.  Theoretical work points to a 

unique funneled energy landscape of GFP containing two basins, with the “extra” basin 

representing a loosely-packed intermediate {Niso} where the final strand is slow to pack into 

the barrel, forming the locked, native form {Nnat}.  Collapse into the {Niso} basin occurs on a 

minute timescale, while the configurational search between {Niso} and {Nnat} occurs over 

months.  As a typical equilibrium experiment is observed over days, between these two 

timescales, and hysteresis is observed.  Further experimental characterization of the {Niso} 

intermediate shows a structure with heterogeneity in the lid of the barrel, which is evidence of 

the predicted loose structure.  In addition, changes in the chromophore are visible, consistent 

with changes in chromophore flexibility or isomerization.  Due to the bulky chromophore, 

final packing of the barrel is problematic, with the final step in folding dominated by the 

configurational search, and potential mispacking of the barrel.  During refolding, a threshold 

of stability is required to capture the native structure.  During unfolding, random fluctuations 

in the barrel may lead to repacking of the chromophore, creating a less stable protein, which 

immediately unfolds under hysteretic conditions, causing the hysteresis observed. 
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Chapter 1: 

General Introduction 
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PROTEIN FOLDING: 

  The sequencing of the human genome was “drafted” in 20011, and subsequently 

finished in 20042.  Among this massive amount of information contained in the DNA are the 

sequences of an estimated 20-25k protein coding genes2.  A “holy grail” in biochemistry is the 

ability to predict, from the known human DNA sequence, the structure of the coded protein 

both in application of high-throughput structure prediction from genomes as well as protein 

design.  Currently, ab initio structure prediction algorithms are able to predict smaller 

proteins, although the fine, atomic level detail needed to predict catalytic function is not 

consistently at atomic resolution3; 4; 5.  While these algorithms do well enough to have some 

researchers call the protein folding problem “solved”6, improvements in structural search 

algorithms will improve predictions further.  Also there are still larger, more complicated 

proteins which may be reticent to typical search algorithms due to more complicated folds, or 

post-translational changes on the amino acid sequence. 

 The field of protein folding was born with Anfinsen’s work on ribonuclease A 

(RNAseA)  after it was observed that the protein could retain fold and function after 

denaturation at 8M Urea and cleavage of the disulfide bonds in vitro7; 8.  This result led to the 

idea that if the unfolded polypeptide chain can achieve its native fold without any other 

proteins or factors present in the cell, then the information of the protein structure, and 

therefore function, is encoded in the polypeptide chain itself.  The subsequent work by 

Levinthal fleshed out what is now known as the “protein folding problem”9.  Levinthal 

performed a thought experiment considering a 100 residue polypeptide with each residue 

having 3 degrees of freedom (owing to the dihedrals of the backbone); then, a polypeptide will 

have 3100 (5x1047) configurations.  If a polypeptide samples 1013 configurations per second, the 

rate of protein folding assuming a completely random search, will take longer than the age of 
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the universe10.  Polypeptides typically fold into proteins on the order of seconds.  The answer 

to Levinthal’s Paradox is that there is an energetic bias towards the native state, or more 

simply, protein folding follows a pathway instead of being a completely random search. 

 The pathway theory of protein folding dominated through the 70s and 80s, where a 

protein is thought to fold in a stepwise process along a set route.  Many small proteins fold in 

a two-state manner, where folding appears to occur between the unfolded and folded states 

only which represented the simplest folding reactions.  Often times though, kinetics showed 

multiple exponential trajectories which were often attributed to proline isomerization11.  Soon, 

a dominant framework was developed, in which folding begins by an initial collapse into a 

molten globule, followed by slower search steps consisting of proline isomerization and 

entropic search for the native conformation12.  At this time, multi-domain, more complex 

proteins were being studied and more complicated routes were needed to explain these results, 

as well as explaining multiple pathways in even previously-considered “simple folders” like 

RNAseA13. 

 A new theory of protein folding developed in the late 80s explained the observation of 

multiple routes observed in mutations or in multiple-state folders14.  The funneled energy 

landscape theory grew out of on-lattice simulation and theoretical polymer dynamics15; 16.  

While still consistent with the pathway theory, the funnel landscape adds a dimension, 

allowing multiple pathways while still allowing dominant pathways as observed in simple 

folders17.  Simulation work on chymotrypsin inhibitor 2 (CI2) reconciled the pathway theory 

with the funnel theory by showing multiple pathways, consistent with the funnel view of 

folding exist, but that a preferred pathway, consistent with experimental work and previous 

theories dominates the folding route18. 
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 The present focus in protein folding incorporates funnel theory into experimental 

results 19 while folding simulation has improved in both models and timescale by utilizing 

faster processors as well as distributed computing20; 21.  Furthermore, funnel theory has grown 

to include conformational dynamics which has implications in function, binding, and 

aggregation22; 23.  Recent work on larger proteins has identified the interplay of energy 

landscape and post-translational modifications required for dynamic protein function24; 25.  

These recent results and advances pave the way for work on an extremely popular molecule 

used for biological imaging: green fluorescent protein (GFP). 

  

GREEN FLOURSCENT PROTEIN 

 Green fluorescent protein is a 238 residue protein originally discovered in the jellyfish 

Aequorea Victoria26 which is now used as a common visually fluorescent label27.  The 

fluorescent chromophore results from post-translational modifications within the amino acid 

primary sequence which require oxygen, but no other proteins28.  Currently, the function of 

GFP within the jellyfish is unknown, although it accepts the emission wavelength from the 

Ca2+ dependent fluorescent protein (FP) aequorin and emits at a higher, green wavelength (508 

nm)29.  Several other colors of FP have been identified or developed from proteins in other 

organisms30, as well as a structurally homologous, but non-fluorescent protein discovered in 

higher organisms31. 

  GFP consists of an 11 stranded β-barrel surrounding an α-helix containing the 

fluorescent chromophore (Figure 1-1)32.  The staves of the 11 stranded β-barrel are highly 

regular, and sequester the chromophore from bulk solvent which would quench the 

fluorescence32; 33.  The lid of the barrel consists of 3 distorted α-helices on one side, and a set 

of loops and an extremely distorted α-helix on the other.  The central helix is “kinked” where 



5 

 

 

 

the chromophore is located, and there are several interior polar residues linked to 

chromophore formation and fluorescence.  The unique geometry of an α-helix making 

contacts with all β-strands across the sequence gives GFP the highest average loop length or, 

contact order, observed in a natural protein34.  High contact order is correlated with slow 

kinetics, and high barriers in folding35, and is determined by determining contacts within a 

crystal structure.  When residues close to the chromophore are mutated, there are spectral 

changes in fluorescence36. 

 

 
Figure 1-1:  The structure of GFP is an 11-stranded β-barrel surrounding a kinked α-helix 
wherein the chromophore lies.  (a) The chromophore is shown as a green moiety in the center 
of the barrel in the crystal structure.  This figure was created with  PyMol software37 using the 
Ormo et.al. crystal structure 1EMA32.  (b) A splay diagram shows the loop connectivity 
between the strands.  The N and C termini of the protein are labeled, and the chromophore is 
shown as a green circle on the central α-helix. 
 

 Structural information helped develop GFP into the widely popular molecular marker 

it is today.  Mutations in and near the chromophore have created many colors for use in 

fluorescent labeling28, as well as the incorporation of FPs from other organisms38; 39.  Also, 

many of GFPs properties have been optimized for different uses.  Two dominant variants are 
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cycle340 and mut241 variants, as well as the recent superfolder GFP (sfGFP)42.  Cycle3 GFP 

underwent cycles of DNA shuffling with the aim of improving fluorescence signal; and also 

decreased aggregation, making it a more efficient label at 37oC43.  A variant was developed for 

fluorescent-activated cell sorting (FACS) to improve the fluorescence when excited at 488nm.  

The superfolder variant was developed for robust folding for use when the actual folding 

reaction is the signal, such as split-GFP reporters and folding reporters. 

 The properties of GFP and other FPs have been tweaked to optimize the fluorescent 

signal for specific applications.  These applications include FACS41, and protein44 and cellular 

organelle labeling, as well as observing binding or protein dynamics with forester resonance 

energy transfer (FRET)45.  Also, GFP variants have been used as folding reporters, as the 

folding and fluorescence maturation of GFP does not occur until after the chimeric protein has 

folded46.  Also, “split” GFP labels have been developed, where two halves of GFP come 

together to create a fluorescent signal when chimeric proteins interact.  Because the folding of 

GFP will act as a trap, this may be useful for transient interactions47.  Also, one split GFP 

reporter appears to have chromophore maturation in part of the barrel missing C-terminal 

strands48. 

Although GFP is often used in fluorescent imaging and as other reporters, it is not 

without limitations.  The large size of GFP, compared to small molecule fluorescent labels, 

may affect some dynamics of the protein being labeled in FRET or interactions.  Conversely, 

small fluorescent molecules often require a change mutation for the label to attach to the 

molecule.  When the actual chromophore formation is used as a reporter, as in the case of 

folding reporters or “split” interaction reporters, the temporal resolution is limited due to slow 

folding and maturation kinetics.  Folding and sometimes the chromophore formation must 

occur in these types of reporters, leading to a lag between interaction and signal observation. 
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GFP CHROMOPHORE STRUTURE & FORMATION 

 The chromophore of GFP is a p-hydroxybenzylidene-imidazolinone moiety formed 

from autocatalytic cyclization, dehydration, and oxidation reactions of the backbone (Figure 1-

2)49; 50.  Chromophore formation proceeds after folding, as a structural kink in the α-helix is 

required for chromophore formation to release the strain51.  The actual reactions in 

chromophore formation appear to be cyclization, oxidation, then dehydration52; 53; 54, although 

there may be a subpopulation which forms through a cyclization, dehydration and oxidation55; 

56.  A catalytic reside, R96 is also required for catalytic chromophore formation; although an 

R96A mutant can form the chromophore, the kinetics occur over months instead of hours57; 58.  

The chromophore is also able to donate and accept a proton, with a pka of 8.0 for donating the 

tyrosine proton, and 1.4 for accepting a proton on the imidazolinone ring in model 

compounds, whereas the tyrosine proton has a pka of around 6 in the intact protein.  

Populations of the protonated and deprotonated tyrosine ring gives rise to the hump observed 

on the fluorescence or absorbance28. 
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Figure 1-2:  GFP Chromophore structure & formation consists of a stepwise reaction into 
a p-hydroxybenzylidene-imidazolinone moiety formed on the backbone.  The dominant 
pathway appears to be a cyclization, oxidation and dehydration, although there may be a 
minor cyclization, dehydration and oxidation pathway.  This figure was adopted from 53; 59. 
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An interesting class of fluorescent proteins includes the kindling and photoswitchable 

proteins, where fluorescent properties change upon illumination with certain wavelengths of 

light.  The kindling proteins include FPs which need to be illuminated with a certain 

wavelength as part of the chromophore maturation process, as discovered in the sea anemone 

Anemonia sulcata60.  This process is proposed to be linked to chromophore isomerization60; 61 

or pH changes62.  A similar class of FPs are termed photoswitchable, where they fold and 

mature into a fluorescent state, but can be “turned off” under illumination with certain 

wavelengths of light, such as dronpa63, again, linked to the cis-trans isomerization of the 

chromophore64.   

 While cis-trans isomerization appears to have major effects on certain switchable FPs, 

it appears to be common across all similar chromophores65.  The isomerization of the 

chromophore actually refers to a concerted “hula-twist” motion of the bonds joining the 

rings66.  This motion actually closely maintains the volume of the chromophore, theoretically 

allowing an isomerization to occur within the barrel of GFP67; 68.  While the thermodynamics 

of chromophore isomerization may be difficult to experimentally determine within GFP, the 

free energy landscape has been determined for model chromophore compounds, both 

theoretically and experimentally.  In a model compound, without the β-barrel scaffolding, the 

cis form is preferred over the trans form by 2.1 kcal/mol in the neutral chromophore, with a 

13.1 kcal/mol barrier, while the anionic chromophore has a lower energy cis form by 2.3 

kcal/mol, and a 13.1 kcal/mol barrier69.  While cis-trans isomerization has not been directly 

observed in GFP, recent work has shown evidence of flexibility of the chromophore and 

surrounding barrel strands70, consistent with previous work on a long lived intermediate in 

GFP and backbone dynamics in stands near the chromophore71; 72; 73. 
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PREVIOUS EXPERIMENTAL GFP FOLDING & HYSTERESIS 

 Early folding studies on GFP focused on the biophysical characterization of wtGFP 

and other variants to determine how to maximize the folding and therefore, signal of 

fluorescent labels.  Even in initial work however, it was observed that the refolding transition 

curves and unfolding transition curves did not coincide43; 74.  It was determined that folding 

was not fully reversible, as researchers were never able to achieve 100% fluorescent recovery, 

even under highly native conditions.  However, through directed evolution, a robust folder, the 

superfolder GFP (sfGFP) was developed which did achieve 100% fluorescence recovery 

through the addition of 12 mutations42.  However, even with full recovery upon refolding, the 

transition curves did not coincide, as Pedlaq et. al. had to denature to 6M Urea at 95C to get 

sfGFP to unfold, and refolding could be done at lower Urea and ambient temperatures42.  The 

full folding recovery of sfGFP, but the non-coincidence of the unfolding and refolding 

transition curves is evidence that this system exhibits hysteresis.  

 Hysteresis is a property in which a system does not immediately respond to the forces 

applied to it, which may arise from a bifurcation in the energy landscape.  This, in turn, leads 

to a bistable system, where the observed equilibrium is dependent not only on the final 

conditions, but also the initial (historical) conditions.  Common manifestations of hysteresis 

are lag effects (not necessarily temporal) between an applied force and the resultant final (not 

necessarily equilibrium) state, bistability, as well as memory effects75; 76; 77. 

Hysteresis is commonly seen in magnetic systems where an applied magnetic field 

will magnetize a material; once removed, the material will retain the magnetism.  This 

property is exploited in magnetic storage, such as magnetic tapes and hard drives.  Although 

hysteresis was discovered and initially evaluated in magnetic systems78, it has also been seen 

in biochemical pathways.  Hysteresis has been linked as an important part of virus assembly79, 
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attributed to dissociation reactions being delayed due to competition with reassembling 

reactions from an elevated concentration of intermediates80.  Hysteresis is also common in 

cellular signaling, typically in positive-feedback loops81; 82; 83. 

Hysteresis has been seen in protein folding, although it is typically limited to 

multimeric and modular repeat proteins.  Hysteresis seen in the stretching of titin domains has 

been attributed to unfolding and refolding reactions84.  Single molecule experiments have also 

corroborated folding and refolding of titin leading to hysteresis curves85.  However, these 

results are from titin molecules composed of 21 repeat domains.  Different activation energies 

for folding and unfolding between domains may cause hysteresis curves; if unfolding is 

controlled by domain-by-domain transitions while refolding is a global process.  

Denaturant induced unfolding and refolding of trimeric type III collagen also shows 

hysteresis in which proline cis-trans isomerization may be a factor due to a proline rich region 

which is needed for hysteresis86.  Engel et.al. proposed a mechanism of collagen folding 

which explained hysteresis in collagen folding87.  Similar to titin, hysteresis is thought to be 

caused in type III collagen refolding due to slow annealing from loop rearrangement, 

compared to very cooperative denaturation; unfolding occurs on a local scale, while refolding 

requires a global effort. 

Hysteresis is seen in many dimeric proteins as well, such as Cu.Zn superoxide 

dismutase, triosephosphate isomerase, and luciferase, as well as tetrameric transthyretin88; 89; 90; 

91.  Hysteresis is caused by high kinetic barriers in all these situations, although the folding is 

also coupled to dimerization.  Hysteresis is rare in single domain, monomeric proteins.  

Adenylate kinase, a monomeric, two-domain protein shows hysteresis in hydrostatic pressure 

studies, although these results are from moving tryptophan probes around in the protein92.  
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Some probes show no hysteresis while others show some degree; implying parts of the protein 

are folding before others, while unfolding is a global process. 

While hysteresis is rare in protein folding, it is observed in some systems.  From a 

theoretical standpoint though, hysteresis requires species with similar thermodynamic 

stabilities and slow kinetics (either barrier or prefactor driven) between them to allow 

populations to get trapped in either species, depending on the history of the sample.  

Hysteresis in protein folding is caused by multiple energetic basins with slow kinetics between 

them (either prefactor or barrier-driven), although these energetic may have many structural 

causes, such as domain-by-domain transitions or proline isomerization.  

 

GFP FOLDING & SIMULATION 

 The evidence of hysteresis begs the question of what could cause this observation in 

GFP.  While experiments show evidence of hysteresis, folding simulation can show residue 

and bond level details which are difficult to observe experimentally.  Protein folding 

simulations have been slowly applied to larger and more complicated systems, a protein like 

GFP has had limited approaches to simulation due to its size (228 residues) and high contact 

order which oftentimes leads to more complicated kinetics and intermediates.  Molecular 

dynamics (MD) simulation on GFP have elucidated details of the multiple pathways of folding 

that experiment have observed93; 94, although these kinetic-type models used pulling to 

compare with single-molecule folding studies on GFP which show multiple intermediates, 

pathways, and FE landscape bifurcations95; 96; 97.  A better comparison of theoretical studies to 

the hysteresis observed in experiment would require thermodynamic simulation which is 

harder to achieve proper sampling. 
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 One type of theoretical model used to study protein folding is a native structure-based, 

or Gō-model98.  This model presupposes that native contacts are the most important, and 

drives the search for the native fold.  This creates a completely smooth folding basin, 

consistent with the principle of minimal-frustration, where funnel landscape theory predicts 

that proteins evolve to create a smooth funnel towards the native state.  Presumably, an 

energetically smooth funnel would select against hysteresis in folding, although topological 

frustration may still be picked up in simulation.  If GFP has an apparent non-smooth funnel, or 

high folding barriers, will native-based modeling elucidate some of the topological frustration 

leading to hysteresis?  In addition to using experimental methods to probe the apparent 

hysteresis observed in GFP folding, we apply a modified model99 to improve thermodynamic 

sampling in GFP simulation and elucidate “sticky” steps in folding.  Here, we use a 

combination of theoretical and experimental approaches to determine the slow folding steps of 

GFP, and determine what causes this rare observation of hysteresis in a typical protein which 

would presumably be evolved to a smooth energy landscape. 
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Chapter 2: 

General Methods 
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INTRODUCTION: 

 A combined experimental and theoretical approach to the study of GFP folding will 

utilize several techniques for a variety of experiments.  On the experimental side, protein 

purification and concentration is needed to provide protein for every experiment, and many 

stability measurements are run under several conditions (described where applicable) to 

determine the details of hysteresis.  Theoretical work all uses the same model (except where 

noted) and the same software to run the simulations, described in detail below.  These are 

described in detail below to limit repetition throughout this work.  Any methods which deviate 

from these general methods are noted and described in detail where applicable. 

 

GENERAL METHODS: 

Growth & Purification of sfGFP 

Recombinant superfolder GFP (sfGFP) was subcloned into the kanamycin resistant 

pET28(a+) vector and the resultant plasmid transformed into BL21 (DE3) Escherichia coli 

cells for expression.  Mutations were introduced using primer-directed mutagenesis (R96A 

and Y74M/M88Y) into sfGFP.  Expression and purification were performed similarly to 

previous methods42, with some changes.  Cells were grown in Luria Broth at 30oC to an OD600 

of 0.6, and protein expression was induced with 1mM IPTG for 5 hours at 25oC.  Cell pellets 

were re-suspended in buffer (pH 7.9) containing 0.5M NaCl, 20mM Tris-HCl, 5mM 

imidazole, 0.1mM EDTA, 1mM DTT, 10mg/mL PMSF and sonicated on ice (Sonic 

Dismembrator 550, Fischer Scientific) with 30 s pulses separated by 30 s breaks for a total of 

20 minutes. 

The lysate was cleared by centrifugation at 14,000g for 30 minutes.  The soluble 

sfGFP was bound and eluted from a Ni-NTA resin (Novagen) according to manufacturer’s 
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protocol.  sfGFP was purified further on a Sephacryl S-40(Pharmacia Biotech) size-exclusion 

column to remove His-rich proline isomerase in 25mM NaPO4 and 100mM NaCl at pH 6.5.  

Fractions containing sfGFP were analyzed by SDS-PAGE for purity and the purified protein 

was collected and concentrated and stored in 25mM NaPO4 and 100mM NaCl at pH 6.5.  

Yield was determined by a theoretical extinction coefficient (ε=31519 M-1cm-1). 

 

Stability Measurements: Guanidine-Induced Equilibrium Unfolding & Refolding: 

Fluorescence & CD Spectroscopy. 

Chromophore fluorescence spectra were obtained using the Fluoromax-2 

spectrofluorimeter (Spex Edison, NJ) with an excitation wavelength of 450 nm and the 

emission measured at 508 nm unless otherwise noted.  Circular Dichroism data were collected 

on the 60-DS spectrophotometer (Aviv Instruments).  Equilibrium unfolding experiments 

were prepared with protein samples (0.1 mg/mL in 12mM Tris-HCl at pH 6.8) and varying 

Gdn-HCl concentrations ranging from 0 to 7.5M,  at a temperature of 22 oC.  Experiments 

were equilibrated for 96 hours, unless noted otherwise.  Refolding curves were prepared by 

equilibrating sfGFP in 7.6 M Gdn-HCl and subsequently refolded by dilution to varying final 

Gdn-HCl concentrations and equilibrated for 96 hours.  Unfolding transition curves using 

previously refolded sfGFP were prepared by equilibration in 6.4M Gdn-HCl, subsequent 

refolding to 1M Gdn-HCl overnight (20 hours, approximately 1000 half-lives), concentration 

of the refolded protein, and subsequent dilution to varying final Gdn-HCl concentrations with 

a protein concentration of 0.1 mg/mL sfGFP.  The fraction folded by chromophore 

fluorescence was monitored at 508nm, after excitation at 450nm (3nm slit width).  The 
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fraction folded using tryptophan fluorescence was determined from the average wavelength 

(equation 1), after excitation at 295nm (5nm slit width) 
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Equilibrium Transition Curve Fitting 

All equilibrium data were fit to either a two-state or three-state model.  Both models 

assume a linear dependence of Gunf on denaturant concentration (m).  The two-state model 

is: 
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Where [D] is the guanidine concentration, m is the linear dependence of GN↔U on 

denaturant concentration, and GH2O
N↔U is the free energy of unfolding at 0M denaturant, 

and SN and SU are the signal of the native and unfolded states, respectively. 

 

The three-state model is similar to the two-state model: 
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Where KN↔I and KI↔U are as described above, and Z is a signal reweighting for the 

intermediate signal with the native and denatured signal: 
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Data were fit through a non-linear least squares minimization using in-house scripts and the 

curve-fitting tool in Matlab. 

 

NMR Experiments 

All NMR experiments were performed at 315 °K on a Bruker Avance800 equipped 

with a triple-resonance triple-axis gradient probe.  Protein samples were prepared as described 

above, with the addition of an additional quick-spin column step, to remove additional 

guanidine from a trapped species.  Trapped species were prepared as described above by 

unfolding sfGFP at 6M guanidine-HCl for 10 minutes, and then jumped to 1.8 M guanidine-

HCl for 96 hours.  The trapped species corresponds to a sample in the transition of the 

refolding curve, shown as black boxes in Figure 2-7.  Final conditions for each sample were 

30mM phosphate buffer at pH 6.8, and 100mM NaCl, 95%H2O/5% D2O.  Data were 

processed using Felix 2004 software (Accelrys, San Diego, CA).  One-dimensional 1H spectra 

were acquired for sfGFP, R96A sfGFP, and trapped sfGFP (described above).  Spectra were 

acquired with a 20 ppm spectral width using a 1-D with Watergate suppression100; 101. 
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Amide resonances for sfGFP were determined.  Two-dimensional 1H-15N HSQC 

spectra were acquired for sfGFP and trapped sfGFP.  Spectra were acquired with a 17 ppm 

spectral width using a 2-D HSQC pulse program101.  Assignments for sfGFP were determined 

using previous assignments for GFPuv102, and several 3-D experiments including HNCA103, 

HNCACB104, TROSY HNCA105; 106, TROSY HNCACB105; 106, and CBCACONH104. 

 

The Theoretical Model 

GFP was modeled using only the Cα atoms as determined from the crystal structure 

1EMA32.  The chromophore residue was broken into three Cα residues, and was not modeled 

in a cyclized state for simulation, since the focus of this study was global folding, and not 

chromophore formation.  The energy function, a Gō-type model, is based only on the native 

structure and is considered energetically unfrustrated98.  The energy potential has been 

described in detail 107; 108.  The total conformational energy is given: 

 

Etotal = Ebond + Eangle + Edihedral + ELJ + Erep    (7) 

These energy terms above are described in detail below: 

 

          (8) 

where εr = 100 kcal/(mol Å2), r0 is the Cα-Cα bond distance in the native structure, and r is the 

bond distance during the simulation step. 
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         (9) 

Where εθ = 20 kcal / (mol degree2) , θ0 is the Cα-Cα-Cα bond angle in the native structure and θ 

is the angle during the simulation step. 

 

    (10) 

Where ε 1 = 0.8 kcal / mol, ε 2 = 0.4 kcal / mol Å2, 0 is the Cα-Cα-Cα-Cα dihedral in the 

native structure and  is the dihedral during the simulation step. 

 

      (11) 

Where εLJ = 0.8 kcal / mol, σij is the native distance structure and rij is the distance during the 

simulation step.  All residues that are farther than 4Å or within three residues are considered 

non-native contacts, and have a repulsive term: 

 

            (12) 

Where εrep = 0.8 kcal / mol, σij = 1.9Å (hard-sphere distance) and rij is the dihedral during the 

simulation step.  These energy terms create a native based model, in which the driving force 

behind the sampling is between the long distance contacts (eq. 11), and the dihedrals (eq. 10). 
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Simulations 

Molecular dynamics (MD) simulations are used to obtain folding-unfolding 

transitions.  For this study, all simulations were run using an unmodified sander_classic in the 

AMBER6 package109, except during thermodynamic sampling runs. 

 

Kinetic Runs 

Kinetics were initiated by unfolding the native structure with random initial velocities 

at 2.4TF for 0.5 – 1.5 ns, and then cooling at 1.2TF for 1 ns.  Folding was initiated by running 

simulations for 100 ns at 0.83TF using the final velocities from the 1.2TF step.  Statistics were 

attained by simulating 250 trajectories and analyzing them in five parts.  Folding temperature 

TF was 418K and determined using enhanced sampling. 

 

Thermodynamic Sampling 

Thermodynamic simulations used a modified potential to increase sampling by 

reweighting the force using the density of states, as described in detail by Gosavi et. al.99.  The 

parameters determined for the well are Edepth = 13.8, Emid = 195, and σ = 92.  Trajectories were 

simulated for over 1.4µs at temperatures between 0.998TF and 1.005TF.  The density of states 

was reweighted from the modified potential, and the weighted histogram analysis method 

(WHAM) algorithm110 was used to determine folding temperature and free energy from all 
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simulations.  Ten trajectories were analyzed using WHAM to determine statistics of calculated 

parameters. 
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Chapter 3: 

The Rough Energy Landscape of Superfolder GFP is 

Linked to the Chromophore 
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ABSTRACT: 

Many GFP variants have been developed for use as fluorescent tags, and recently a 

superfolder GFP (sfGFP) has been developed as a robust folding reporter.  This new variant 

shows increased stability and improved folding kinetics, as well as 100% recovery of native 

protein after denaturation.  Here, we characterize sfGFP, and find that this variant exhibits 

hysteresis as unfolding and refolding equilibrium titration curves are non-coincident even after 

equilibration for more than eight half-lives as estimated from kinetic unfolding and refolding 

studies.  This hysteresis is attributed to trapping in a native-like intermediate state.  Mutational 

studies directed towards inhibiting chromophore formation indicate that the novel backbone 

cyclization is responsible for the hysteresis observed in equilibrium titrations of sfGFP.  Slow 

equilibration and the presence of intermediates imply a rough landscape.  However, de novo 

folding in the absence of the chromophore is dominated by a smoother energy landscape than 

that sampled during unfolding and refolding of the post-translationally modified polypeptide. 

 

INTRODUCTION: 

Green Fluorescent Protein (GFP) has become a common label for many in vivo and in 

vitro applications due to GFP’s ability to fold and form a visually fluorescent chromophore 

through autocatalytic cyclization and dehydration/oxidation reactions27.  GFP has been used as 

a reporter in folding46; 111, protein-protein interactions47; 112; 113; 114, and gene translation115; 116; 

117.  However, the rate of GFP folding and chromophore formation limits the temporal 

resolution of these techniques, and their common use in high-throughput applications118. 
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Studies of GFP have shown that folding is slow and that oxidation of the chromophore 

is the limiting step in fluorescence maturation59.  As the refolding of mature GFP is not fully 

reversible and is prone to aggregation43, variants of GFP have been developed with better 

folding and fluorescence properties- namely Cycle3 GFP (F99S M153T V163A) 40, and 

GFPmut2 (S65A V68L S72A) 41.  Folding improvements in Cycle3 GFP are attributed to 

avoiding aggregation traps in folding43; still, folding is very slow (t½ = 4.5 min) and limited by 

a proline isomerization43; 74.  Single molecule and solution studies of GFPmut2 show a lower 

stability and slower kinetics than Cycle3119; 120, probably as it was optimized for in vivo 

fluorescent use rather than for stability and folding kinetics.  While Cycle3 GFP has improved 

folding, the recovery of fluorescence after guanidine, urea, or acid denaturation is still not 

fully reversible, with a reported 80% rescue of native protein43.  Thus, improving refolding 

efficiency to 100% would create a better reporter for a variety of applications46; 121; 122. 

Recently, a “superfolder” GFP (sfGFP) variant has been developed to minimize 

aggregation and speed up folding.  This is accomplished through directed evolution fused to 

the poorly folding protein ferratin, which also improves ferratin folding and recovery42.  The 

sfGFP includes the Cycle3 mutations F99S, M153T, and V163A, the enhanced GFP mutations 

F64L and S65T, as well as six other mutations realized through directed evolution (S30R, 

Y39N, N105T, Y145F, I171V, A206V).  This variant also contains the original Q80R 

mutation from PCR cloning123.  This variant exhibits 100% fluorescence recovery after 

refolding from the urea denatured state, as well as faster refolding kinetics compared to cycle3 

GFP when compared at a single denaturant concentration.  The robustness of sfGFP folding is 

attributed to reduced misfolding and aggregation.  These results are consistent with the design 

strategy of sfGFP, generating variants by selecting bright fluorescent colonies while 

expressing an aggregation-prone sfGFP-ferratin fusion protein42.  Much of the folding 
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improvement is attributed to the S30R mutation, which extends an internal ion-pair network 

within the interior of sfGFP42. 

In this study, we characterized the full folding landscape of sfGFP using stopped flow 

and manual-mixing fluorescence kinetics, as well as fluorescent and circular dichroism (CD) 

equilibrium techniques.  We find that sfGFP folds ten-fold faster than cycle3 GFP over a 

range of denaturant concentrations, and exhibits apparent hysteresis in equilibrium unfolding 

and refolding experiments, suggestive of a non-optimized energy landscape for this protein.  

However, while the funneled organization of the energy landscape dominates the kinetics of 

folding for highly evolved and/or well designed systems, GFP may be a special case because 

of its unusual chromophore. That is, the de novo folding pathway of GFP proceeds prior to 

chromophore formation while the refolding of GFP proceeds in the presence of the already 

cyclized chromophore.  This landscape is not subject to the same evolutionary pressure as is 

folding in vivo.  Consistent with this hypothesis, the apparent hysteresis is ameliorated in the 

presence of mutations that impede chromophore formation.  One-dimensional 1H NMR 

spectra show that sfGFP trapped in refolding has the same overall topology as sfGFP, while 

displaying subtle structural perturbations in the novel central helix containing the backbone 

cyclized chromophore.  Taken together, our data provide the first explanation for the long-held 

observation of the inability to observe true equilibration in GFP folding based on unique 

structural characteristics of GFP, compared to other proteins. 
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RESULTS: 

The sfGFP was developed for robust folding by directed evolution and contains 

twelve mutations with respect to the wild-type protein42.  These mutations include the 

mutation Q80R from PCR cloning, Cycle3 mutations F99S, M153T, and V163A, the 

enhanced GFP mutations F64L and S65T, as well as six other mutations (S30R, Y39N, 

N105T, Y145F, I171V, A206V), as reported previously42. In the current study we characterize 

the folding landscape of sfGFP. 

 

Fluorescence and Circular Dichroism Spectra of Native & Denatured sfGFP 

We used a combination of techniques to characterize the folding of sfGFP.  The 

characteristic optical spectra of the native and denatured sfGFP are shown in Figure 3-1. The 

fluorescence emission spectrum obtained upon excitation of the chromophore at 450 nm is 

similar to wtGFP (Figure 3-1a), with a peak at 508 nm, and a red-shifted, small shoulder 

arising from the protonated chromophore 27.  Protein unfolding is accompanied by a complete 

loss of fluorescence emission at 508 nm.  The fluorescence emission spectra of a second 

probe, the single tryptophan (Y74) of sfGFP, upon excitation at 295 nm for the native and 

denatured states are given in Figure 3-1b. The native emission spectrum has a fluorescence 

maximum at 328 nm.  This is consistent with sequestration of the tryptophan side chain from 

solvent and packing into the protein core. The emission spectrum of the denatured protein is 

red shifted relative to that observed for the native protein, with a fluorescence maximum at 

355 nm, and is consistent with the exposure of the tryptophan side-chain to aqueous solution 

upon unfolding124.  A third spectroscopic probe, the far-UV circular dichroism (CD) spectrum 
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of native sfGFP (Figure 3-1c), exhibits a minimum at 217 nm with a shoulder at 222 nm, 

consistent with the small fraction of α-helix within the large β-barrel of sfGFP.  Denaturation 

results in a loss of the characteristic CD spectrum of the native protein. 

 

 

Figure 3-1: Native and Denatured Spectra of sfGFP:  Red traces show native protein, blue 
traces show completely unfolded protein at 7.6M guanidine after 96 hours.  (a) Chromophore 
fluorescence spectra excited at 450nm shows a complete loss of signal upon unfolding.  (b) 
Tryptophan fluorescence spectra excited at 295 nm shows a red peak shift upon unfolding.  (c) 
Circular Dichroism spectra is characteristic of a random coil upon unfolding.  All samples 
were in 12.5 mM Tris-HCl, pH 6.8 and 25oC. 

 

Equilibrium Transition Curves. 

Previous equilibrium unfolding of wild-type and mutant GFPs indicated a high 

stability of the native protein, but problems with protein aggregation resulted in a maximal 

recovery of ≈80% of native signal during refolding42. Preliminary studies with sfGFP 

indicated that refolding and unfolding are fully reversible as 100% of native signal is 

recovered under strongly refolding conditions.  Curves of the fraction of unfolded protein 

(Funfolded) as a function of final denaturant concentration for the unfolding transition after 24, 

96, and 192 hours of equilibration are shown in Figure 3-2 as detected by changes in 
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chromophore fluorescence as a function of final denaturant concentration.  The unfolding 

transition is unchanged between 96 and 192 hours, indicating that an “equilibrium” has been 

achieved. 

 

Figure 3-2:  Guanidine Induced Equilibrium Unfolding Transitions of sfGFP at Multiple 
Times at pH 6.8 in 12.5mM Tris-HCl at 25oC after 24 hours (circles), 96 hours (squares), and 
192 hours (diamonds).  Lines show fits to guide the eye.  After 96 hours, unfolding reactions 
appear to reach an apparent equilibrium. 

 

In order to confirm the reversibility of the folding transition, we performed a refolding 

equilibrium analysis and the results of this study are plotted with the equilibrium unfolding 

data in Figure 3-3a.  The unfolding transition fits to a three-state model; a two-state model 

(shown, Figure 3-3a, cyan, dotted line) was inadequate to fit the data.  However, the refolding 

transition fits to a two-state model.  Interestingly, while 100% of the fluorescent amplitude 

and CD are recovered under strongly refolding conditions (<= 1.7M Guanidine 

Hydrochloride), the unfolding and refolding transition curves are non-coincident (see 

Discussion).  These results are consistent with observations from prior urea equilibrium 
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studies, as the equilibrium refolding transition was observed at approximately 4.5 M urea at 

25oC only after denaturation in 9M urea at 95oC42. 



31 

 

 

 

 

 

Figure 3-3:  Guanidine Induced Equilibrium Unfolding & Refolding Transition of sfGFP 
(a) at pH 6.8 in 12.5mM Tris-HCl at 25oC after 96 hours.  Folded state was measured by 
chromophore fluorescence at 508nm and excited at 450nm (slit width 3nm).  Filled squares 
show unfolding transition, filled circles show refolding transition, and filled triangles show 
unfolding transition of sfGFP which has been previously unfolded and refolded.  Red line 
shows the refolding transition fits to a two-state model.  The unfolding transition fits to a 
three-state model (darker blue), as the light blue dotted line shows two-state fit to unfolding 
transition, which doesn’t capture the difference in cooperativity between the beginning and 
end of the transition.  The non-coincidence of these curves shows an apparent hysteresis.  (b) 
Unfolding kinetic jump following chromophore fluorescence from 0.94M Guanidine HCl to 
7.0 M in 12.5mM Tris-HCl, pH 6.8 and 25oC of both folded (blue) and refolded (red) sfGFP.  
There is no overall stability change between folded sfGFP, or that which has been through an 
unfolding-refolding cycle. 
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In an effort to test whether an irreversible process occurred during unfolding to which 

our probes were insensitive, we performed additional studies to check for non-coincidence of 

the unfolding and refolding transitions.  First, we varied the protein concentration over an 

order of magnitude, and found identical behavior (data not shown) suggesting that higher 

order association was not responsible for this result.  Second, we performed equilibrium 

denaturation on protein that had previously been subjected to the unfolding-refolding cycle.  

The unfolding transition curve for the unfolded-refolded protein is identical to the original 

unfolding curve obtained for the native sfGFP (which had never been previously subjected to 

unfolding data not shown).  Third, we monitored the unfolding and refolding equilibrium 

transitions by tryptophan fluorescence as well as far-UV CD.  The results of these studies are 

identical to the transitions observed by chromophore fluorescence, showing that the results are 

independent of the spectroscopic method used.  Fourth, we compared the unfolding of protein 

over time which had previously been subjected to the unfolding-refolding cycle to that which 

had never been unfolded.  The decay in fluorescent amplitude for either the native or refolded 

sfGFP exhibits the same rate and amplitude in their kinetic behavior.  Therefore, there is no 

loss of stability in the refolded protein (Figure 3-3b).  Taken together, these data indicate that 

the apparent hysteresis between equilibrium unfolding and refolding transitions is an intrinsic 

property of the system, and is independent of experimental setup (see Discussion). 

 

Unfolding Kinetics 

The kinetic rates of sfGFP protein unfolding were monitored by both manual-mixing 

and stopped-flow fluorescence techniques.  Unfolding was initiated by rapid dilution of native 

protein into varying final Gdn-HCl concentrations and the unfolding rates (�ui) were 
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determined from fitting the time-dependent change in the fluorescence intensity (see 

Methods).  The observed relaxation times, τui, are plotted as a function of final denaturant 

concentration and the resulting chevron plot125 is presented in Figure 3-4.  Manual mixing and 

stopped flow results exhibit two relaxation phases at 7.0M Gdn-HCl and higher, and three 

phases at 6.5M Gdn-HCl and lower.  The τu3 phase shows weak dependence on the final 

denaturant concentration, and the τu2 relaxation time is independent of the final Gdn-HCl 

concentration between 5 and 6.5 M Gdn-HCl(Figure 3-3).  The τu1 phase shows the strong 

denaturant dependence expected for a refolding reaction.  Above 6.5 M Gdn-HCl, τu2 and τu1 

coalesce.  Extrapolation of the unfolding denaturant dependence of the τu2 phase to 0M Gdn-

HCl indicates a half life of 28 years for unfolding at room temperature. 

 

Figure 3-4: Superfolding GFP Chevron at pH 6.8 in 20mM Tris-HCl at 25oC.  Folded state 
was measured by fluorescence at 508nm and excited at 450nm (slit width 3nm).  sfGFP 
folding and refolding residence time dependence on [Gdn-HCl].  Red lines and points show 
refolding, blue lines and points show unfolding.  Circles, squares and diamonds show τ1, τ2, 
and τ3 respectively.  Lines are fit to focus on trends.  The lag phase is shown in black, with 
filled triangles because it was calculated from the persistence of the lag phase, opposed to 
directly fit data from a kinetic model.  Multiple phases are evidence of intermediates, and 
phases with low denaturant dependence (unfolding τ2 and τ3) may be linked with proline 
isomerization. 
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Refolding Kinetics 

The refolding of sfGFP was followed by manual mixing and stopped-flow 

fluorescence techniques.  The time-dependent change within the first 200 seconds in the 

fluorescence intensity for a typical refolding reaction is presented in Figure 3-5.  The first 

400ms of the reaction (Figure 3-5, inset) shows a lag phase, which is evidence of an on-route, 

obligatory intermediate126; 127, which has been reported for cycle3 GFP previously74; 128.  Three 

relaxation phases adequately describe the refolding process (see Figure 3-4) and, unlike the 

unfolding kinetics, each phase shows a strong denaturant dependence.  The kinetic rates were 

at least an order of magnitude faster than observed for wtGFP and cycle3 GFP43.  The time 

constants for the lag phase were estimated from the length of the lag phase versus guanidine, 

and are shown as filled triangles in Figure 3-4.  The symbols are different to represent the 

estimation of the time constants, as opposed to fitting from direct kinetic data.  The increase in 

the persistence of the lag phase may be attributed to the stabilization of the intermediate 

compared to the native state.  Interestingly, no observable folding kinetics could be recorded 

between 1.75 and 5M Gdn-HCl for either the unfolding or refolding reactions by any 

techniques.  The denaturant dependence of the unfolding reactions and their associated 

amplitudes would suggest that neither kinetic rates nor low amplitudes should account for the 

inability to measure unfolding between 4.5 and 5M Gdn-HCl (See Discussion).  Extrapolation 

of the denaturant dependence of the refolding relaxation times to 0M denaturant indicates half-

lives of 390ms for τR1, 79ms for τR2, and 1.1ms for τR3.  Corresponding time constants (directly 

from the Figure 3-4) are 520 ms, 140 ms, and 16 ms, respectively.  Fitting of the overall 

apparent rate from the known folding and unfolding rates (kapp = ku+kr) gives a maximum half-

life of 245 hours, or 10.2 days.  However, as described above, there is no data in the hysteresis 

zone, and these numbers are an approximation based on known knowns.  The unique β-barrel 
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surrounding an α-helix fold of GFP has extremely high values of absolute contact order (29.5) 

as determined from the crystal structure and 214 sequence-distant pairs, leading to slow 

folding kinetics34. 

 

Figure 3-5: Refolding Kinetics in 12.5 mM Tris-HCl at 25oC.  Folded state was measured by 
chromophore fluorescence above 500nm, and excited at 450nm.  Inset shows the first 400 ms; 
a lag phases in chromophore fluorescence is evident.  This is evidence of an on-pathway, 
obligate intermediate. 

 

Double Jump Kinetics 

The refolding of sfGFP shows three relaxation phases, all of which are Gdn-HCl 

dependent (Figure 3-4).  Multiple phases are evidence of proline-isomerization limiting 

folding129.  Unfolding relaxation kinetics has a phase (�u2), which has no guanidine 

dependence; potential evidence of a proline isomerization becoming a rate-limiting step in 

unfolding at intermediate guanidine concentrations.  The presence of cis and trans prolyl-

peptide bonds in the native state that give different isoforms with differing stabilities would 
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also give rise to these results 129.  According to the original proline isomerization hypothesis, 

the protein must have each of its proline imide bonds in the correct native state isomerization 

before refolding.  Protein molecules which contain incorrect isomerization states must wait for 

the correct imide bond state before refolding.  More recent studies have shown that incorrect 

isomers may fold, and the coupling of folding and isomerization will yield different rates for 

the folding process130; 131; 132. 

In order to test for the role of proline isomerization in the folding kinetics of sfGFP, a 

series of “double jump” or interrupted refolding experiments were carried out using manual 

mixing.  This experiment involves quickly unfolding the protein (relative to proline 

isomerization) at high denaturant concentration.  After a variable delay time, t, we dilute out 

the denaturant and measure the total intensity change and associated rates for refolding to the 

native state.  If proline isomerization is occurring, there will be a progressive change in the 

amplitude of the observed refolding phases as a function of the delay time prior to refolding.  

The experiment involves a double jump of 0M to 7.4M to 0.22M Gdn-HCl, with the time 

spent in 7.4M recorded as the delay time.  The fraction of the total amplitude as a function of 

the delay time is given in Figure 3-6.  The data indicates a shifting population of the fast 

pathway (τ2) to the slow pathway (τ1) over the aging time.  This is consistent with a proline 

isomerization occurring after unfolding. 
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Figure 3-6: Double Jump Kinetics in 12.5mM Tris-HCl at pH 6.8 at 25oC.  Folded state was 
measured by chromophore fluorescence at 508nm and excited at 450nm (slit width 3nm).  
sfGFP was unfolded for reported maturation time, and % amplitudes of the slow phase 
(square) and fast phases (circle) from a two-state fit was determined (blue).  Fit phases are 
shown as trendlines (blue).  CyclophilinA was added to the refolding buffer (0.038 mg/mL in 
final concentration) to determine if the slow phase was contributed from a proline 
isomerization (red).  An amplitude shift from a fast phase to a slow phase is consistent with a 
proline isomerization.  A reaction staying in the fast phase during the same experiment in the 
presence of cyclohilinA is strong evidence that multiple phases are caused by proline 
isomerization. 

 

Cyclophilin A 

The amplitude shift of refolding phases during interrupted refolding experiments is 

consistent with proline isomerization limiting the folding reaction.  However, any 

spectrosopically hidden phase occurring within the unfolded ensemble with slow kinetics will 

give these results.  To further test if proline isomerization limits folding, we repeated the 

double jump experiments in the presence of Cyclophilin A (CycPA), a protein with peptidyl-

proline isomerase activity.  In this experiment, we again perform the double jump from 0M to 
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7.4M to 0.22M Gdn-HCl with time spent in 7.4M Gdn-HCl recorded as the aging time.  

However, the refolding reaction is performed by dilution of the 7.4M Gdn-HCl sfGFP solution 

into buffer containing CycPA, with a final concentration of 0.22M Gdn-HCl after a 600s aging 

time.  The presence of CycPA increases the population folding via the fast (τ2) route by 10% 

(Figure 3-6).  The shifting of the phases from slow (τ1) to fast (τ2) over the maturation time, 

and the recovery of the fast phase in the presence of Cyclophilin A provides evidence of a 

proline isomerization causing multiple phases in folding and unfolding.  Although CycPA 

doesn’t give a full recovery of folding to the fast phase, refolding is being performed at 0.22M 

Gdn-HCl, which lowers the activity of CycPA by destabilization. 

 

Probing the Center of the Chevron 

Interestingly, the guanidine-HCl concentrations at which no detectable kinetics in the 

unfolding and refolding reaction are observed (see Figure 3-4) corresponds to the region of 

difference in the unfolding and refolding curves presented in Figure 3-3a.  In an effort to test if 

the inability to measure kinetics in the center of the chevron is a result of a change in 

mechanism or rate determining step in the unfolding and refolding reactions, we performed a 

series of kinetic experiments.  These experiments are similar to double jump experiments with 

an infinite aging time.  In these experiments we varied the initial conditions by equilibrating 

samples within the transition regions of the denaturation (D) and renaturation (R) curves 

(Figure 3-7-and Methods and Materials) prior to kinetic analysis.  We then monitored the 

kinetics of a jump from the initial conditions within the transition zone to final conditions 

within the hysteresis zone (Figure 3-7). 



39 

 

 

 

 

 

Figure 3-7:  Probing Hysteresis in 12.5 mM Tris-HCl at pH 6.8 at 25oC.  Initial conditions 
were at black squares, and results could either show (a) multiple processes causing hysteresis, 
leading to multiple chevrons or (b) a highly glassy transition causing hysteresis, leading to 
intermediate hysteresis curves.  Our results (c) are consistent with a highly glassy transition. 

 

If the protein follows two separate routes in unfolding and refolding, the expectation 

is that varying the initial conditions will allow us to probe the kinetics within the transition 

region.  The observed rates will allow us to probe the guanidine dependence within the center 

of the chevron plot (Figure 3-4) and the endpoint of the reaction will track along the hysteresis 

curve backwards; i.e. the refolding transition will follow from the center of the curve, along 

the modeled line to a fully unfolded state within the hysteresis area.  Conversely, the unfolding 

transition will follow from the center of the curve to the fully refolded state (Figure 3-7a).  

However, if the hysteresis is caused by trapping of the protein in a broad, flat barrier region of 

the folding landscape at intermediate denaturant concentrations, there will be no relaxation, as 

this represents a highly glassy state.  The resultant fluorescence intensity will not change as 

we probe the center of the glassy hysteresis zone; i.e. the result will appear to be a minor 

hysteresis curve, as seen in magnetic systems78 (Figure 3-7b).  The results of our studies are 
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plotted in Figure 3-7c as black filled circles and squares for refolding and unfolding reactions, 

respectively.  The data are consistent and resemble a minor hysteresis curve, with no 

observable kinetics (Figure 3-7c).  This data provides evidence of a glassy transition or 

trapped state in the folding landscape resulting in the observed hysteretic phenomenon. 

 

Equilibrium Transitions Revisited 

 Interestingly, we observe significant shifts in the unfolding and refolding reactions 

between 24 and 96 hours, however, we see no change between 96 and 192 hours (Figure 3-2).  

However, the extrapolated kinetic results suggest that the equilibrium curves should coincide 

after five half-lives, or 2 months.  In Figure 3-8, we present the results of monitoring the 

equilibrium reactions after 58 and 102 days.  Importantly, the refolding reaction shows no 

change in the transition curve observed between 96 hours and 106 days.  Conversely, while 

the unfolding transition curve shows no change between 96 and 192 hours, a shift in the 

transition curve to lower denaturant concentrations occurs after 58 and 102 days, similar to 

results seen by Sophie Jackson71; 133.  Despite the shift to lower denaturant concentrations, the 

observed transition curve retains three-state behavior and does not approach the observed 

refolding curve.  If folding was just extremely slow, and insufficient equilibration times were 

the explanation for the observed hysteresis, the refolding curve would have also shown change 

over time.  Our results indicate no change over time for refolding, and demonstrate that a 

separate process controls unfolding at intermediate guanidine concentrations. 
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Figure 3-8:  Long-time Guanidine Induced Equilibrium Folding and Refolding 
Transitions at pH 6.8 in 12.5 mM Tris-HCl at 25oC after 96 hours (4Days, circles), 58 days 
(squares), and 102 days (diamonds).  Folded state was measured by chromophore fluorescence 
excited at 450nm, and observed at 508 nm (3nm slit width).  After following transition curves 
for extremely long time scales, unfolding transitions collapse the hysteresis zone, while 
refolding transitions do not change. 

 

Equilibrium Transitions of sfGFP mutants R96A and Y74M/M88Y 

 Solution studies have shown that the GFP chromophore not only can undergo 

isomerization, but also is held in a strained configuration by the protein core that surrounds the 

central helix67.  GFP folds into a native barrel structure prior to chromophore formation, and 

the α-helix backbone kinking which accompanies chromophore formation requires that the 

protein be folded into the barrel structure.  In an effort to understand if the chromophore of 

sfGFP contributed to the observed hysteresis, we wished to compare the folding of the sfGFP 

protein which had yet to undergo chromophore formation. Previously, the R96A GFP mutant 

was discovered to slow chromophore formation from minutes, to months52.  We mutated this 

residue in sfGFP and monitored the equilibrium unfolding and refolding of the protein by the 
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change in tryptophan fluorescence as a function of added denaturant concentration (Figure 3-

9a).  The equilibrium unfolding and refolding transitions of the R96A sfGFP are 

superimposable, and show no evidence of hysteresis. 

 

Figure 3-9:  Guanidine Induced Equilibrium Unfolding Transition of R96A (a)  and 
M88Y/Y74M without chromophore (b) sfGFP at pH 6.8 in 12.5mM Tris-HCl at 25oC.  
R96A equilibrated for 96 hours.  M88Y/Y74M equilibrated for 24 hours.  Folded state was 
measured by change in average wavelength of tryptophan fluorescence emission from 
excitation at 295nm (slit width 3nm).  Blue squares show unfolding transition and red circles 
show refolding transition.  Black line shows two-state folding fit to all points.  In the absence 
of the chromophore, hysteresis is removed. 
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 We have shown that like cycle3 GFP, proline isomerization slows the folding kinetics 

of sfGFP.  Scanning mutagenesis in our laboratory revealed that mutation of the N-terminal 

residues in two X-Pro peptide sequences Y74P75 and M88P89 to Y74M/M88Y also hindered 

chromophore formation.  The equilibrium refolding and unfolding transitions for this variant 

also removed the apparent hysteresis (Figure 3-9b).  These data support the hypothesis that the 

hysteresis seen in folding is coupled to the conformation of the novel chromophore.  

Interestingly, the cooperativity of the folding/unfolding transitions for the double mutant has 

decreased from that observed for R96A.  These two mutations map to the helical cap of the 

barrel which is tightly pinned to the barrel in the sfGFP(see Discussion).  Destabilization of 

cap/barrel interactions may alter the solvent accessible surface in the double mutant protein by 

facilitating solvent penetration into the core.   

 

NMR Spectra of sfGFP and trapped sfGFP 

We have shown that abolishing the chromophore from the structure of sfGFP 

abolishes hysteresis seen in folding.  We acquired 1-D spectra of sfGFP and trapped sfGFP as 

described for Figure 3-7 (Figure 3-10).  Upon dilution or desalting of guanidine from the 1.8M 

sample, fluorescence is maintained at the same level as that observed in the trapped species 

described in Figure 3-7 (data not shown). 
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Figure 3-10: 1-D 1H 800 MHz Spectra of “Trapped” and Native sfGFP at pH 6.8 in 30mM 
phosphate, 100mM NaCl and 5% D2O at 316 °K.  Trapped species were prepared as described 
in Materials & Methods by unfolding sfGFP at 6M guanidine-HCl for 10 minutes, and then 
jumped to 1.8 M guanidine-HCl for 96 hours.  The trapped species corresponds to as sample 
in the transition of the refolding curve, shown as a black boxes in Figure 3-7. (a) The chemical 
shift dispersion of the spectra indicate quite similar global folds, while certain areas show 
marked heterogeneity (b&c), showing evidence of trapped folding caused by structural 
heterogeneity. Boxes in A show regions expanded in B & C.  Red traces are native sfGFP at 3 
mg/mL and blue traces are trapped sfGFP at 3 mg/mL. 
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One-dimensional 1H spectra have similar chemical shift dispersion, showing that 

overall structure is the same between sfGFP in both native and “trapped” states (Figure 3-10a).  

However, upon close inspection, overlaid spectra show subtle changes in both the amide and 

aliphatic regions of the spectra.  Changes around 0 ppm (Figure 3-10b) and 6.5 (Figure 3-10c) 

ppm are expanded for clarity.  Subtle changes also appear at 8.2, 2.3, 7.4, 7.9, and 8.8 ppm.   

 

DISCUSSION: 

Hysteresis and Protein Folding 

 Superfolder GFP was generated by directed evolution and demonstrates 100% 

fluorescence recovery in refolding experiments, a significant improvement for molecular 

reporting42.  Interestingly, equilibrium unfolding and refolding experiments are non-coincident 

(Figure 3-2a), and at first glance, might suggest lack of complete reversibility in folding 

and/or aggregation.  However, experiments with sfGFP protein which has been unfolded and 

refolded generate the same equilibrium and kinetic unfolding curves as protein which has 

never been unfolded (Figure 3-2b).  In addition, there is no evidence of protein concentration 

dependence, as equilibrium curves were the same over a ten-fold protein concentration. 

The non-coincidence of the sfGFP unfolding and refolding transitions shows apparent 

hysteresis.  Hysteresis is a property in which a system does not immediately respond to the 

forces applied to it, and may arise from a bifurcation in the energy landscape.  This, in turn, 

leads to a bistable system where the observed equilibrium is dependent not only on the final 

conditions, but also the initial (historical) conditions78.  Common manifestations of hysteresis 
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are lag effects (not necessarily temporal) between an applied force and the resultant final (not 

necessarily equilibrium) state, bistability, as well as memory effects75; 76; 77.  Hysteresis was 

originally described in magnetic systems where an applied magnetic field will magnetize a 

material; once removed, the material will retain the magnetism.  This property is exploited in 

magnetic storage, such as magnetic tapes and hard drives.  

Hysteresis has been seen in protein folding, although it is typically limited to 

multimeric88; 89; 90; 91 and modular repeat proteins such as seen in the unfolding/refolding of 

titin 84; 85, a molecule composed of 21 repeat domains.  Different activation energies for 

folding and unfolding between domains may cause hysteresis curves if unfolding is controlled 

by domain-by-domain transitions while refolding is a global process.  Interestingly, 

denaturant-induced unfolding and refolding of trimeric type III collagen also shows hysteresis 

in which proline cis-trans isomerization may be a factor due to a proline rich region86.  A 

mechanism which explained the hysteresis observed in collagen folding has been proposed.  

Similar to titin, hysteresis is thought to be caused in type III collagen refolding due to slow 

annealing from loop rearrangement, compared to very cooperative denaturation; unfolding 

occurs on a local scale, while refolding requires a global process87.  While hysteresis is rare in 

single domain, monomeric proteins, it has been observed in single molecule folding 

experiments  where ensemble averaging is removed, as demonstrated in RNaseH134, and GFP. 

Single molecule studies of GFP unfolding shows the presence of intermediates in 

mechanical unfolding attributed to the detachment of single β-strands from the native structure 

96.  Further experiments on GFP show that that when mechanically unfolded from linkages 

besides the N or C terminals, there are multiple pathways of unfolding, which share similar 
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stability95.  Multiple pathways are one result of hysteresis, although unfolding mechanisms 

described may be different under mechanical stress versus chemical denaturation. 

 

Slow Folding & Unfolding Kinetics Do Not Explain Hysteresis in sfGFP 

 A simple explanation of the apparent hysteresis is that the slow folding and unfolding 

kinetics of sfGFP are not conducive to reaching folding equilibrium.  Although equilibrium 

titrations appear to be static after 96 hours (Figure 3-2), predicted kinetics within the center of 

the chevron plot (Figure 3-4) estimate equilibrium to be reached after two months.  

Importantly the refolding reaction maintains two-state behavior and shows no change in the 

observed transition after 3 months (Figure 3-8).  Conversely, the unfolding transitions shift 

over at least 3 months and maintains three-state behavior, consistent with the presence of a 

native-like intermediate (N*) seen in cycle3 GFP unfolding71.  If insufficient equilibration 

time were responsible for the observed hysteresis effect, we would have seen changes in both 

the unfolding and refolding transitions with time.  However, the fact that only the unfolding 

transition continues to shift with time indicates that a different barrier controls the unfolding 

and refolding reactions.  These barriers must also be large as recently described for the 

irreversibility in the assembly of the SNARE fusion machines135; 136,and in GFP71.  In native-

state hydrogen exchange studies fluctuations within the native state allow population of high 

energy species and labeling of interior residues,137; 138.  Similarly, fluctuations in the native 

state of sfGFP under destabilizing conditions allow for the transient population of fully 

unfolded protein, which can only return to a lower energy state via the landscape used for the 

refolding reaction.   
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Does Hysteresis in Protein Folding Arise From a Rough Energy Landscape? 

Hysteresis can arise from a bifurcation in the energy landscape.  This, in conjunction 

with large kinetic barriers, would constitute a rough energy landscape, as described in protein 

folding theory.  Multiple energy wells (intermediates) are observed often in protein folding, so 

why is hysteresis such a rare observation? 

Random heteropolymers sample many configurations with little bias and the resulting 

landscape is described as frustrated.  As these heteropolymers could be easily trapped in 

glassy transitions, hysteresis may be seen.  The ground state of a random heteropolymer arises 

from competition between conflicting energy contributions and the resulting landscape is 

described as frustrated.  If proteins behaved like random heteropeptides, even a minor change 

in sequence could cause an alternate structure to become the new ground state.  Thus, the 

energy landscape for a random sequence would be rugged and the dynamics glassy139; 140.  

This type of landscape would not be conducive to reliable protein fold and function.  

However, a rough landscape may show hysteresis, as these heteropolymers could be easily 

trapped in glassy transitions. 

Proteins have evolved to robustly fold so that spurious single-site mutations rarely 

affect the global fold.  In this case, interactions are not in conflict as described above for the 

random heteropolymer, but are supportive and cooperatively lead to a low-energy structure.  

Thus, stable protein folds have mutually supportive, cooperative interactions in the native 

structure said to be “consistent” or “minimally frustrated”.  Energy decreases, on average, as 

sampled structures approach the native state and the energy landscape is “funneled”139; 140.  
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This funneling predicts simple kinetics for small single-domain proteins, in agreement with 

experimental results141.   Hysteresis is thus a rare occurrence.  Therefore, does the novel global 

fold of GFP lead to the hysteresis observed in folding studies? 

 

Structural Overview of GFP: A Bent Helix & A Twisted Chromophore 

 The crystal structure reveals a unique 11 stranded β-barrel surrounding a central α-

helix, which contains the chromophore (Figure 3-11) 32.  GFP must be folded into a barrel 

structure prior to de novo chromophore formation59.  The mechanism of chromophore 

formation in GFP has been proposed to be facilitated by mechanical stress induced by the ß-

barrel scaffold in the immature native protein.  Tension which concentrates force on the 

central α-helix is proposed to create an energetically unfavorable “kink”.  Subsequent 

chromophore formation could reduce the strain in the α-helix by accommodating the kink with 

new stabilizing bonds forming the chromophore51.  The central α-helix may be positioned in 

the central core of the protein by a hydrophobic patch of conserved amino acids Phe27, Leu60, 

and Leu12572.  It is possible that a combination of hydrophobicity and mechanical stress is 

able to strain the helix enough to distort it, setting the stage for chromophore maturation 

through catalysis by E222 and R96. 
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Figure 3-11:  Structure of GFP:  (a) GFP consists of an 11 stranded β-barrel surrounding an 
α-helix wherein the chromophore lies (in green).  Proline residues discussed are in red.  (b) 
The barrel is stripped away showing detail of the α-helix and the prolines.  This representation 
was modeled with PyMol using the sfGFP crystal structure (2B3P).  The prolines cap the ends 
of the central α-helix, which we hypothesize are required for helix structure and chromophore 
formation. 

 

 Chromophore formation involves a novel, irreversible backbone rearrangement of the 

tripeptide SYG (residues 65-67) and a cyclization/dehydration and oxidation reaction, to 

create the para-hydroxybenzylideneimidazolinone chromophore (Figure 3-11, green)59.  The 

actual order of the reactions is still under debate52; 53; 142; 143.  Once the chromophore is formed, 

the protein matrix provides steric restraints, keeping it in its native, twisted state 66; 67.  In 

simulated chromophore compounds free of the β-barrel though, the chromophore is planar, as 

expected in unfolded GFP66; 144.  This non-planarity as well as cis-trans isomerization seen in 

the chromophore of native GFP is also seen in crystal structures of kindling fluorescent 

proteins145. Enoki et.al.74 report a “breathing” mechanism in the early folding kinetics of 

cycle3 GFP between the tryptophan and chromophore fluorescence that is consistent with the 
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cis-trans proline isomerization observed in NMR studies of the native state73.  The breathing 

mechanism is described as the tryptophan residue being buried in a native-like structure, 

released, and then reburied again and quenched by the chromophore, possibly due to proline 

and chromophore isomerizations hindering folding.  Our NMR results show a similar overall 

fold, with subtle changes (Figure 3-10), possibly related to isomerizations in prolyl-peptide 

bonds and the chromophore. 

 

Hysteresis is Abolished in the Absence of Chromophore Formation 

The structure of GFP has two characteristics that may lead to a rough landscape.  

First, the chromophore is slightly twisted in the native form, whereas it is planar in the 

unfolded form (see above).  Second, the central helix shows many deviations from optimal 

geometry.  Our results indicate that the sequence variant, R96A, has impaired chromophore 

formation and no hysteresis (Figure 3-9a).  In addition, we found through scanning 

mutagenesis that mutation of residues N-terminal to the prolines in the central helix (Figure 3-

11), not only abolished efficient chromophore formation, but also removed the hysteretic 

effect (Figure 3-9b). Interestingly, in X-Pro dipeptides, the X residue can alter the cis-trans 

ratio of the X-Pro bond in peptides and unfolded states of proteins146.  Thus, these results 

suggest that these two prolines may also be responsible for the proline isomeraztion limitation 

observed in the kinetics of folding of GFP. Prior to this study, only the chemical steps in the 

maturation of the chromophore had been identified.  Our results may pinpoint structural 

requirements on the helix capping regions for efficient chromophore formation.  
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Inspection of the crystal structure leads us to speculate that the observed alteration in 

maturation in the Y74M/M88Y sfGFP reflects a synergy between proline isomerization state 

at the ends of the helix and efficient chromophore formation.  Taken together, our results 

indicate that the hysteretic effect in sfGFP is linked to the formation of the chromophore, and 

removal of this feature generates a less-frustrated energy landscape for this protein.   

 

The Functional Energy Landscape of sfGFP: Frustration Introduced by the Chromophore  

The funneled organization of the energy landscape dominates the kinetics of folding 

for highly evolved and/or well designed proteins 139; 147. Proteins, however, do not have one 

landscape for folding and a different one for function. There is some speculation that 

functional residues are a hindrance to folding148; 149; 150; 151.  Interestingly, our recent studies on 

the ß-trefoil protein interleukin-1ß indicate that the residues within and contacting the 

functionally significant ß-bulge may introduce “frustration” into the folding of this protein99; 

152. Therefore “frustration” associated with conserving specific functional sites may alter not 

only the folding trajectories, but the transitions observed in native proteins.  Thus it appears 

that the native basin of the energy landscape dictates structural changes related to function153; 

154.   

The results presented herein indicate that the energy landscape of GFP is particularly 

rough, leading to hysteresis.  However, the landscape can be made smoother by hindering 

chromophore formation. Other post-translational modifications  such as glycosylation155, 

deamidation156, and phosphorylation157 also appear to change the landscape and native basins 

of these proteins.  Therefore, unlike the case observed for random heteropoymers, a specific 
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structural feature of GFP leads to frustration in the energy landscape.  More precisely, a 

cyclization in the polypeptide chain frustrates the landscape, as seen in simulation of small 

polypeptides158. The de novo folding pathway of GFP proceeds prior to chromophore 

maturation while the refolding of GFP proceeds in the presence of the already cyclized 

chromophore.  As chromophore formation requires the folding of the barrel, the de novo 

folding pathway should lack hysteretic behavior and have the smooth energy landscape more 

typical of 11-stranded ß-barrel protein folds..  Consistent with this hypothesis, the apparent 

hysteresis is ameliorated in the presence of mutations that impede chromophore formation and 

folding proceeds without a formed chromophore. 

 

METHODS & MATERIALS 

sfGFP Expression & Purification. 

Recombinant superfolder GFP (sfGFP) was subcloned into the kanamycin resistant 

pET28(a+) vector and the resultant plasmid transformed into BL21 (DE3) Escherichia coli 

cells for expression.  Mutations were introduced using primer-directed mutagenesis (R96A 

and Y74M/M88Y) into sfGFP.  Expression and purification were performed similarly to 

previous methods42, with some changes.  Cells were grown in Luria Broth at 30oC to an OD600 

of 0.6, and protein expression was induced with 1mM IPTG for 5 hours at 25oC.  Cell pellets 

were re-suspended in buffer (pH 7.9) containing 0.5M NaCl, 20mM Tris-HCl, 5mM 

imidazole, 0.1mM EDTA, 1mM DTT, 10mg/mL PMSF and sonicated on ice (Sonic 

Dismembrator 550, Fischer Scientific) with 30 s pulses separated by 30 s breaks for a total of 

20 minutes. 
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The lysate was cleared by centrifugation at 14,000g for 30 minutes.  The soluble 

sfGFP was bound and eluted from a Ni-NTA resin (Novagen) according to manufacturer’s 

protocol.  sfGFP was purified further on a Sephacryl S-40(Pharmacia Biotech) size-exclusion 

column to remove His-rich proline isomerase in 25mM NaPO4 and 100mM NaCl at pH 6.5.  

Fractions containing sfGFP were analyzed by SDS-PAGE for purity and the purified protein 

was collected and concentrated and stored in 25mM NaPO4 and 100mM NaCl at pH 6.5.  

Yield was determined by a theoretical extinction coefficient (ε=31519 M-1cm-1). 

 

Stability Measurements: Guanidine-Induced Equilibrium Unfolding & Refolding: 

Fluorescence & CD Spectroscopy. 

Chromophore fluorescence spectra were obtained using the Fluoromax-2 

spectrofluorimeter (Spex Edison, NJ) with an excitation wavelength of 450 nm and the 

emission measured at 508 nm unless otherwise noted.  Circular Dichroism data were collected 

on the 60-DS spectrophotometer (Aviv Instruments).  Equilibrium unfolding experiments 

were prepared with protein samples (0.1 mg/mL in 12mM Tris-HCl at pH 6.8 and varying 

Gdn-HCl concentrations ranging from 0 to 7.5M,  at a temperature of 22 oC.  Experiments 

were equilibrated for 96 hours, unless noted otherwise.  Refolding curves were prepared by 

equilibrating sfGFP in 7.6 M Gdn-HCl and subsequently refolded by dilution to varying final 

Gdn-HCl concentrations and equilibrated for 96 hours.  Unfolding transition curves using 

previously refolded sfGFP were prepared by equilibration in 6.4M Gdn-HCl, subsequent 

refolding to 1M Gdn-HCl overnight (20 hours, approximately 1000 half-lives), concentration 
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of the refolded protein, and subsequent dilution to varying final Gdn-HCl concentrations with 

a protein concentration of 0.1 mg/mL sfGFP.  The fraction folded by chromophore 

fluorescence was monitored at 508nm, after excitation at 450nm (3nm slit width).  The 

fraction folded using tryptophan fluorescence was determined from the average wavelength 

(equation 1), after excitation at 295nm (5nm slit width) 
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Manual Mixing sfGFP Unfolding and Refolding Kinetics. 

Measurement of the unfolding relaxation times, τu, which is dependent on the final 

Gdn-HCl concentration were performed by manual-mixing fluorescence spectroscopy, using a 

Fluoromax-2 spectrofluorimeter (Spex), with the excitation wavelength set to 450 nm and the 

emission intensity monitored at 508 nm.   The proteins were unfolded over a range of 

denaturant concentrations between 5.0 and 8.0M in 12.5mM Tris-HCl at pH 6.8, 25oC.  The 

time-dependent decay in the observed fluorescent signal was adequately fit by a double 

exponential equation.  The dead-time for the manual mixing experiments was ~10 sec.  For 

refolding experiments, the protein was unfolded in 8M Gdn-HCl at a protein concentration of 

2.7 mg/ml and allowed to equilibrate.  Refolding was performed by dilution of the unfolded 

protein with the appropriate amount of buffer and Gdn-HCl to obtain the desired final Gdn-

HCl concentrations of 0.2-1.2M.  The final protein concentration in refolding experiments was 

0.1mg/ml unless stated otherwise.  
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Interrupted Refolding/ Double Jump Kinetics by Manual Mixing. 

The double jump kinetics were performed by rapidly mixing a concentrated stock 

protein solution (33 mgs/ml) with Gdn HCl solution to a final denaturant concentration of 7.4 

M using manual mixing techniques under conditions previously described for kinetic analysis.  

After a variable delay (aging) time, 30 µl of the protein/7.4 M GdnHCl solution was injected 

into a cuvette containing 970 µl of buffer solution, thermostated at 25oC. The solution was 

rapidly mixed and the refolding of the protein monitored as described above.  The final 

guanidine concentration during refolding was 0.22 M.  

 

Stopped-Flow Unfolding & Refolding Kinetics. 

Stopped-flow fluorescence studies were performed with an Applied Photophysics Pi*-

180 stopped flow instrument (Applied Photophysics, London). Data were collected in 

logarithmic mode with an excitation wavelength of 450nm and emission collected using a 500 

nm cut off filter with a dead time of 5ms.  Typical refolding spectra were averaged over a 

minimum of five runs.  Refolding experiments were initiated by a 1:11 dilution of 1.1mg/mL 

unfolded sfGFP (equilibrated in 7.73 M Gdn-HCl in buffer containing 12.5 mM Tris 

(pH=6.8)) into varying final concentrations of Gdn-HCl.  The final concentration of sfGFP 

was held constant at 0.1 mg/mL, unless otherwise noted in the manuscript.  Unfolding 

experiments were initiated by a 1:11 dilution of 1.1 mg/mL sfGFP with 12.5 mM Tris 

(pH=6.8) into varying final concentrations of Gdn-HCl and 12.5mM Tris (pH=6.8).  
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Kinetic Analysis of the Hysteresis Zone 

Kinetic studies were performed as described in the manual mixing section of this 

manuscript.  However, the initial conditions for the individual kinetic experiments correspond 

to the protein equilibrated at conditions of 4.5 M (unfolding) and 1.8M (refolding) Gdn-HCl, 

respectively.  The initial samples were prepared as described under the stability measurements 

section.  We chose the initial conditions to correspond to points on the unfolding and refolding 

equilibrium transition. 

 

Data Fitting 

The kinetic data were fit to a series of exponentials: 

A(t) = ΣAi exp(-t/τ1) + A  (2) 

Where A(t) is the optical signal at time t, A is the optical signal at infinite time, Ai  is the 

signal change associated with each phase (i), and τ1 is the relaxation time for each individual 

phase.  By combining the stopped-flow and manual-mixing traces the data was globally fit 

using in-house software.  The number and magnitude of the exponential phases was 

determined as previously described125. 

 

Equilibrium Transition Curve Fitting 
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All equilibrium data was fit to either a two-state or three-state model.  Both models 

assume a linear dependence of Gunf on denaturant concentration (m).  The two-state model 

is: 
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Where [D] is the guanidine concentration, m is the linear dependence of GN↔U on 

denaturant concentration, and GH2O
N↔U is the free energy of unfolding at 0M denaturant, 

and SN and SU are the signal of the native and unfolded states, respectively. 

The three-state model is similar to the two-state model: 
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Where KN↔I and KI↔U are as described above, and Z is a signal reweighting for the 

intermediate signal with the native and denatured signal: 
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Data was fit through a non-linear least squares minimization using in-house scripts and the 

curve-fitting tool in Matlab. 

NMR Experiments 

All NMR experiments were performed at 315 °K on a Bruker Avance800 equipped 

with a triple-resonance triple-axis gradient probe.  Protein samples were prepared as described 

above, with the addition of an additional quick-spin column step, to remove additional 

guanidine from a trapped species.  Trapped species were prepared as described above by 

unfolding sfGFP at 6M guanidine-HCl for 10 minutes, and then jumped to 1.8 M guanidine-

HCl for 96 hours.  The trapped species corresponds to as sample in the transition of the 

refolding curve, shown as black boxes in Figure 3-7.  Final conditions for each sample were 

30mM phosphate buffer at pH 6.8, and 100mM NaCl, 95%H2O/5% D2O.  Data were 

processed using Felix 2004 software (Accelrys, San Diego, CA).  One-dimensional 1H spectra 

were acquired for sfGFP, R96A sfGFP, and trapped sfGFP (described above).  Spectra were 

acquired with a 20 ppm spectral width using a 1-D with Watergate suppression100; 101. 
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Chapter 4: 

The Dual Basin Landscape in GFP Folding 
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ABSTRACT: 

Recent experimental studies suggest that the mature green fluorescent protein has an 

unconventional landscape composed of an early folding event with a typical funneled 

landscape followed by a very slow search and rearrangement step into the locked, active 

chromophore containing structure.  The substantial difference in time-scales is what generates 

the observed hysteresis in thermodynamic folding experiments[ Andrews, B. T., Schoenfish, 

A. R., Roy, M., Waldo, G., & Jennings, P. A. (2007) The rough energy landscape of 

superfolder GFP is linked to the chromophore. J Mol Biol 373, 476-490.].  The 

interconversion between locked and the soft folding structures at intermediate denaturant 

concentrations is so slow that it is not observed under the typical experimental observation 

time.  Simulations of a coarse-grained model were used to describe the fast folding event as 

well as identify native-like intermediates on energy landscapes route to the fluorescent native 

fold.  Interestingly, these simulations reveal structural features of the slow dynamic transition 

to chromophore activation. Experimental evidence presented here shows the trapped, native-

like intermediate has structural heterogeneity in residues previously linked to chromophore 

formation.  We propose the final step of green fluorescent protein folding is a “locking” 

mechanism leading to chromophore formation and high stability.  The combination of 

previous experimental work and current simulation work is explained in the context of a dual 

basin folding mechanism described above.  

 

INTRODUCTION: 

 Green fluorescent protein (GFP) has become a common reagent in biochemistry 

laboratories due to its ability to fold and form a visually fluorescent chromophore through 
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autocatalytic cyclization and dehydration/oxidation reactions 27.  Recent studies on the folding 

of GFP have shown multiple kinetic phases 43; 74, and high barriers to folding which lead to a 

slow “drift” of the unfolding equilibrium transition curve 71.  In fact, a “superfolder” variant of 

GFP (sfGFP) 42 has an apparent hysteresis in equilibrium folding which is observed in 

experiment 159; 160 shown in Figure 4-1A.  Considering the apparent non-thermodynamic 

behavior observed in experiment, can we use simulation to probe the free energy landscape 

and explain these results? 
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Figure 4-1: (A) Experimental equilibrium unfolding and refolding transitions of sfGFP 
induced by Gdn-HCl in 12.5 mM Tris-HCl (pH=6.8) at 25oC after 96h.  The folded state was 
measured by chromophore fluorescence excited at 450 nm and observed at 508 nm (slit width 
3 nm).  Filled circles show the unfolding transition, while filled squares show the refolding 
transition.  Lines are fits to a two-state model for refolding, and a three-state model for 
unfolding. The unfolding and refolding transitions do not coincide and show hysteresis. The 
unfolding curve also exhibits time dependence, and collapses toward the refolding transition 
over months (not shown). Different zones of transition curves are colored yellow (I), green 
(II), and blue (III).  (B) Representative transition rates and stabilities of the unfolded {U}, 
collapsed {Niso} and native {Nnat} ensembles of GFP in our model are depicted.  In Zone I, 
refolding occurs via the {U} {Niso} Nnat route. In Zone III, the protein unfolds downhill 
from Nnat {U}.  During unfolding in Zone II, the slow {Nnat}  {Niso} exchange becomes 
rate limiting and the exact stability of {Nnat} with respect to {U} does not govern the 
transition. Rare fluctuations crack the GFP barrel on time scales much longer than the typical 
experimental equilibration time, allowing the protein to reach the {Niso} state and then proceed 
to the unfolded state vial downhill unfolding.  The unfolding transition slowly moves toward 
lower denaturant concentrations as the experimental observation time gets longer because of 
this mechanism. Thus, the unfolding transition approaches the refolding transition observed 
over time with the rate limited by rare fluctuations. During refolding, the {Niso}  {U} 
transition is equilibrated and because {U} is more stable than {Niso}, proteins that start in the 
unfolded state stay unfolded. 
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 Proteins whose folding has been optimized by evolution have a sufficiently smooth, 

funneled energy landscape, with an ensemble of folding routes directed towards the native 

structural basin 139; 140; 147.  Coarse grained models with potentials designed to bias the protein 

towards the native basin, structure based (Gō) models 107, have been able to capture the main 

structural features of the folding mechanism observed in experiments.  Since these models are 

energetically unfrustrated, the agreement to experiments demonstrate that typical well-folding 

proteins have such small amounts of residual energetic frustration that the observed structural 

heterogeneity observed in folding is mostly determined by geometrical properties of the native 

structure. 

 Although a good folder, GFP has a folding landscape that differs from most proteins 

because of a structural rearrangement needed to produce an active chromophore.  GFP with an 

active chromophore exhibits an apparent hysteresis, where folding and unfolding occur on the 

order of minutes to hours, while the hysteresis zone collapses on the order of months 159.  If 

the active chromophore is mutated out, the protein exhibits typical fully reversible 

thermodynamics.  Here, we propose that folding and unfolding of GFP occurs in a typical 

folding funnel, with a proposed additional basin.  Interconversion between basins via a local 

high barrier transition associated with the chromophore occurs, leading to the hysteresis 

observed in experimental folding. 

 The current work uses a combination of experimental and simulation techniques to 

probe the free energy landscape of GFP.  The simulation utilizes a topology-based model, 

utilizing a recent method to improve sampling on a large, high contact order protein 99.  

Simulation results focus on the U to N transition, and are consistent with previous 

experimental work on the folding of GFP, picking up the frustration, intermediates, and high 
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barriers previously observed 43; 71; 74; 95; 96; 97; 128.   Previous experimental results are presented 

with the simulations to explain some consequences of a dual basin in folding, and how it can 

lead to the non-thermodynamic behavior observed in experiment.  The dual basins in the 

funnel lead to a barrier controlled, fast folding step and a subsequent prefactor controlled slow 

search step to lock the barrel for subsequent chromophore isomerization. 

 

RESULTS: 

The structure of GFP  

 The structure of the GFP family of proteins exists as an 11 stranded β-barrel, with an 

unusual kinked α-helix running through the center which contains a unique backbone 

rearrangement to make the fluorescent chromophore.  The helix makes contacts with all the 

strands of the barrel and makes contacts over the entire sequence, causing extremely high 

contact order.  The helix contacts are highlighted to guide the eye on a contact map in SI 

Figure 4-4, bottom right.  Protein folding has been linked to the formation of the 

chromophore, as the protein is in its folded form 59 prior to kinking of the helix and 

chromophore formation 51.  Our coarse-grained model captures some structural aspects of the 

chromophore which are important in describing folding through a non-canonical kink in the 

central α-helix.  Recent work on GFP-family chromophore isomerization utilizing 

crystallography and molecular dynamics has revealed chromophore isomerization in 

fluorescent proteins 73; 161; 162 and major differences in the interior hydrogen bond networks 

between chromophore isomerizations 66; 67; 68. 
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Kinetic Simulations & Intermediates 

 Kinetic analyses (see Materials & Methods) showed two-state folding observed in 

70%, on-pathway intermediates in 26%, as well as several misfolded (off-pathway) species 

(4%) in our analysis of 250 folding trajectories. A graph of the probability mass function 

(PMF) of observing the protein at a given number of native contacts (Q) during all trajectories 

versus Q is shown in Figure 4-2.  Local minima at particular Q values indicate unfolded, 

native and intermediate species.  The unfolded state corresponds to low values of Q, while the 

folded state corresponds to a value near 672 (total native contacts) as indicated.  We consider 

an intermediate to be populated if the protein samples a specific Q for fifty timesteps.  For 

simplicity of presentation, we focus on trajectories which sample two-state or intermediate 

states during folding.  Trajectories that misfold are discussed in the next section. 

 

Figure 4-2:  The probability mass function (PMF) of populating native contacts Q during all 
250 kinetic-type trajectories is shown as a red line.  Standard deviation (n=5) is within the red 
line.  Native and unfolded states are denoted as N and U, respectively.  Kinetic intermediate 
states are denoted as IKx, where x corresponds to the number of contacts as discussed in the 
text.  Transitions between kinetic intermediates occur between Niso state and the Nnat state 
together with isomerization are responsible for the final and slow step of chromophore 
activation. 
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We observe two multiple routes in folding.  Folding always progresses towards the 

native state in the routes containing intermediates.  Structural information on the intermediates 

observed during each route is given in Figure 4-3.  In the first route, there are two major 

intermediates, IK500 and IK550, which are seen in 15.0% and 13.2% of trajectories respectively, 

as well as a minor intermediate, IK450 in 5.2% of trajectories.  IK450, IK500, and IK550, are 

unfolded at their N-terminus, missing three, two, and one β-strand respectively, similar to 

results observed in single molecule pulling experiments 95; 96 and simulation 97.  In addition, 

IK450 is also destabilized in the contacts between the helix and the entire barrel.  Intermediate 

IK600 is observed on the minor route, and is missing a C-terminal strand from the barrel, similar 

to observations in self-organized polymer simulations 94. 
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Figure 4-3:  Splay diagrams of kinetic intermediates.  The probability of a given secondary 
structure being made is shown as a color on the colormap on the left.  Kinetic intermediates 
IK450, IK500, and IK550 all are missing N-terminal β-strands.  Kinetic intermediate IK600 is 
destabilized in the central α-helix and C-terminal β-strand.  Contacts related to prolines 
discussed are marked with circles colored with the probability of formation.  Contact maps 
used to create this figure are presented in Figure 4-4. 
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Figure 4-4:  Contact maps of kinetic intermediates.  Red and blue bars along the axis show α-
helices and β-strands, respectively.  The probability of a given contact being made is shown as 
a color on the colormap on the right.  Kinetics intermediates IK450, IK500, and IK550 all are 
missing N-terminal β-strands.  Kinetic intermediate IK600 is destabilized in the central α-helix 
and C-terminal β-strand.  Lines to guide the eye are drawn in IK650 to show contacts the α-helix 
makes across the barrel strands.  Contacts related to prolines discussed are marked with red 
circles.  Kinetic intermediate labels do not obscure any contacts. 

 

Experimental kinetic folding results have multiple intermediates and routes 43; 74; 159.  

Our simulation work supports previous experimental work, as well as single molecule pulling 

simulation with evidence of bifurcations in the free energy landscape 97.  Furthermore, these 
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pathways are identified by unfolding from the C versus the N terminus, with unfolding from 

the C terminus the minor route occurring in 28% of pulling simulation.  Structural analysis of 

these intermediates shows structured areas of the protein surrounding islands of unformed 

contacts, denoted in figures by red circles (Figure 4-3).  These contacts map onto the structure 

near the cis-prolyl bond M88-P89 (see Discussion). 

 

Misfolding is Observed in Gō-Model Kinetic Simulation 

 As opposed to the common perception, native-structure based models can also capture 

misfolding events.  In this study, misfolded structures are observed 4% of the time in kinetic 

simulations, and can be grouped into two categories (Figure 4-5).  The first category (MF71 in 

Figure 4-5) has the central α-helix unable to pack into the formed barrel, and the second 

category (MF199 in Figure 4-5) is missing the first two β-strands, similar to IK450, except the N-

terminus is “knotted” between strands, creating entropic traps.  Thus, energetically smooth 

Gō-models can capture topological frustration which may lead to off-pathway misfolding, as 

observed in this study. 
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Figure 4-5:  Structure of major misfolded structures observed in kinetic trajectories.  The left 
side of the panel shows contact maps of misfolded structures, and the right half shows a 
representative structure.  The α-helix has been colored red to aid the eye.  Misfolded structure 
MF71 shows the β-barrel has formed, leaving the α-helix outside.  Misfolded structure MF199 
shows the N-terminus “knotted” behind a loop on the lid of the barrel. 
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Thermodynamic Simulations & Intermediates 

 To improve thermodynamic sampling, and probe equilibrium intermediates for a 

large, high contact-order protein, we use a method which weights the potential energy to lower 

the free-energy barrier during simulation as described previously 99.  After simulation, the 

results are reweighted, and multiple trajectories are analyzed independently to obtain the 

standard deviation of calculated parameters (n = 10).  The free energy as a function of Q, as 

determined by WHAM analysis is presented in Figure 4-6.  Consistent with experimental 

studies our results predict a large and broad thermodynamic barrier.  One clear 

thermodynamic intermediate (I475) is observed. 

 

Figure 4-6: The reweighted free energy versus the number of native contacts (Q) from 
thermodynamic simulations is shown as a blue line at T/Tf = 0.99.  Light grey represents 
standard deviation when split into 10 batches of results (n = 10).  The single intermediate 
sampled in equilibrium simulations is marked I475, as discussed in the text.  Areas of the free 
energy landscape probed for structural details are shown with arrows. 

 

 Intermediate I475 has missing β-strands on the N-terminal end (Figure 4-7), and is 

similar to the kinetic intermediate IK500.  Intermediates I475, like IK500, also shows contacts 

around residue 89 with a low probability of being made (Figure 4-7, circles).  The simulation 
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intermediate is missing contacts in strands 1 through 3, and contacts near the prolines are 

unformed, while the residues not making contacts sample an extended strand conformation.  

Even in the final transition state (Q=0.75), one strand is missing and the proline residues have 

not made all contacts.  In the native basin (Q=0.80), the last strand has folded, and the proline 

residues indicated are making contacts (Figure 4-8).  These simulation results support the 

presence of an intermediate in equilibrium folding, with unfolded areas in the structure which 

correspond to areas implicated in hysteresis.  Furthermore, the ability to observe an 

intermediate with frustration in the prolines (see below) is remarkable, even with a Cα model 

which does not explicitly model the chromophore and proline isomerization. 

 

 

Figure 4-7:  Splay diagram of thermodynamic intermediate I475.  The probability of a given 
secondary structure being made is shown as a color on the colormap on the left.  
Thermodynamic intermediate I475 is missing two N-terminus β-strands, and is similar to IK500.  
Proline contacts discussed (circles), do not form until after the transition state (Figure 4-8).  
Contact maps used to create this figure are presented in Figure 4-9. 
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Figure 4-8:  Splay diagrams thermodynamic intermediate I475 and Q values discussed in the 
text.  The probability of a given secondary structure being made is shown as a color on the 
colormap on the left.  Thermodynamic intermediate I475 is missing two N-terminus β-strands, 
and is similar to IK500.  Progression through the pre-intermediate (Q = 0.65), intermediate (Q = 
0.73), transition (Q = 0.75), and post-transition (Q = 0.80) show that the proline contacts 
discussed (circles), do not form until after the transition state.  Contact maps used to create 
this figure are presented in Figure 4-9. 
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Figure 4-9:  Contact maps of thermodynamic intermediate I475 and Q values discussed in the 
text.  Red and blue bars along the axis show α-helices and β-strands, respectively.  The 
probability of a given contact being made is shown as a color on the colormap on the right.  
Thermodynamic intermediate I475 is missing two N-terminus β-strands, and is similar to IK500.  
Progression through the pre-intermediate (Q = 0.65), intermediate (Q = 0.73), transition (Q = 
0.75), and post-transition (Q = 0.80) show that the proline contacts discussed (red circles), do 
not form until after the transition state.  Intermediate label does not obscure any contacts. 
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Non-Thermodynamic Behavior in Experiment 

 The hysteresis observed in the folding of GFP (Figure 4-1A) is evidence of a kinetic 

process controlling unfolding during a “thermodynamic” experiment.  While the zones of 

reversible folding and unfolding ([Gdn-HCl] < 1.5M),([Gdn-HCl] > 5.0M) fold and unfold on 

the order of minutes to hours, the hysteretic unfolding process unfolds on the order of months 

42.  A chevron analysis shows transition rates in the hysteresis zone are magnitudes slower 

than those predicted by the folding and unfolding arms.  In other words, hysteretic processes 

are no longer dominated by folding, but local fluctuations involving the chromophore 159.  

Unfolding kinetics in Zone III (Figure 4-1) as a function of isomerization time show a hidden 

phase, consistent with isomerization 159.  The dependence of hysteresis on the presence of the 

chromophore is experimentally confirmed with mutagenesis, either by mutating a catalytic 

residue for chromophore formation (R96A) or removing structural requirements for 

chromophore formation (Y74M/M88Y).  Removal of the chromophore shows thermodynamic 

results similar to the refolding transition in sfGFP 159. 

A slow conversion between two states with differing stabilities would lead to this 

result.  From a folding funnel perspective, this is evidence of two native-like basins with 

differing stability.  In the hysteresis zone, unfolding is dominated by local fluctuations 

controlling a transition between native {Nnat} and native-like {Niso} states over months.  

Refolding is dominated by the {Niso} to unfolded {U} transition, and entails a global, 

concerted process.  We propose that the non-thermodynamic behavior observed in the 

thermodynamic folding of GFP can be explained with a dual basin folding funnel, with native 

basin {Nnat}, and native-like basin {Niso} (see discussion) 



   78 

 

 

 

Previous work linked two prolines to the chromophore, as a structural requirement for 

proper chromophore formation as mutation abolished both chromophore formation and 

hysteresis 159.  Since we can trap the {Niso} form, we perform experiments on a hysteretically 

trapped species of GFP using a residue-level probe, NMR spectroscopy.  Figure 4-11 shows a 

1H-15N HSQC for sfGFP (red) overlaid with the trapped species of sfGFP (blue) discussed 

previously 159.  The chemical shift dispersion observed in the two spectra is nearly identical, 

evidence of a native-like structure (Figure 4-11); however, three peaks show subtle 

differences, as two are shown in figures 4-10A and B.  The third peak, which is not assigned, 

lies at chemical shift 1H 7.99 ppm and 15N 125.5 ppm.  The assigned, shifted residues lie near 

the prolines which are linked to the chromophore.  Once again, while proline isomerization is 

not included in a simple Gō Model, our simulations seem to pick structural frustration in these 

areas (circles in Figures 4-3 & 4-8).  This area may be prone to geometrical frustration due to 

the complex topology of GFP, which leads to these two prolines folding in disfavored 

conformation 146. 

 

Figure 4-10:  1H – 15N HSQC spectra of native sfGFP (red) overlaid with trapped sfGFP 
(blue).  The overall dispersion is nearly identical, except for three peaks:  90E, 189G, and an 
unassigned one at 7.99, 124.5 (Figure 4-11).  (A)  A close up of 90E shows nearby peaks with 
similar shifts, except for 90E, which shifts.  (B) A close up of 189G, similar to 90E.  This 
shows that the trapped species is nearly structurally identical to native sfGFP, except in the 
area near these peaks, which are near previously discussed proline residues. 
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Figure 4-11:  1H – 15N HSQC spectra of native sfGFP (red) overlaid with trapped sfGFP 
(blue).  The overall dispersion is nearly identical, except for three peaks:  90E, 189G, and an 
unassigned one at 7.99, 124.5. 

 

DISCUSSION: 

A Dual Basin Landscape Explains Hysteresis 

 Unlike usual proteins, GFP with an active chromophore folds in a dual basin energy 

landscape.  Folding occurs by a “typical” first step in a funnel-like landscape 139, followed by a 

slow search through isomerization states and structural fluctuations toward the locked active 
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basin {Nnat}.  The first transition towards the soft basin {Niso} is investigated using a coarse-

grained model, which is sufficient to extract the full ensemble of states involved in this 

process 107.  This initial folding structure is flexible and fluctuates easily among several local 

minima.  The flexibility of {Niso} is apparent from the different native-like intermediates 

observed during simulations. These intermediate-like states proceed through the slow 

transition into the locked, native basin of GFP {Nnat}.   

 GFP must form a β-barrel then close and lock the barrel around the central 

chromophore containing α-helix to achieve the proper native fold.  While the chromophore is 

able to isomerize unhindered in solution without the structural restraints of the surrounding 

barrel, isomerization is limited in the folded state unless there is a hula-twist 66; 67; 144.  This 

conformational transition is responsible for the slow search towards the second basin {Niso}.  

Interestingly, destabilization in nearby barrel strands is observed in backbone dynamics 

studies 71; 73 which may be related to chromophore isomerization, consistent with our 

simulation results and recent experimental results 70.  Finally, while both cis and trans forms 

appear to be compatible within the folded barrel, the hydrogen bonded network is altered 

between these states 68, leading to two folded forms of GFP with different stabilities. 

Under strong refolding conditions (Figure 4-1, Zone I), the bias towards the native 

state is sufficient to drive the full folding event.  Under these highly native conditions there is 

enough stabilizing energy to lock the protein into the native, fluorescent state, similar to 

results incorporating the C-terminal end during ClpXP degradation163.  Similarly, in strongly 

unfolding conditions (Figure 4-1, Zone III) the high stability of the locked, native form is 

overcome and the direct {Nnat} {U} route is observed. 
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The hysteresis zone (Figure 4-1, Zone II), must take into account both the stability of 

the different basins and the difference in time scales of the rates in the first and second steps.  

Hysteresis is a result of the first transition ({Nnat} {Niso}) being much slower than the second 

one ({Niso} {U}) during unfolding and folding.  Under denaturing conditions in Zone II 

(Figure 4-1), {Nnat} and {Niso} are less stable than {U}, but {Nnat} is kinetically stable (Figure 

4-1C, Zone II).  If the protein is in the {Nnat} state, it will stay in that state until unlikely, 

random fluctuations crack the surface and move it towards {Niso}.  Once this unlikely event 

occurs, unfolding is downhill towards {U}.  These random fluctuations happen rarely as the 

structure of GFP limits conformational changes, leading to the slow drift of the unfolding 

transition as long as experimental observation times are shorter than the rare transitions. 

The hysteresis observed at “equilibrium” is a consequence of the disparate time scales.  

Rare fluctuations occur between {Nnat} and {Niso} on an extremely slow time scale (slower 

than experiments and folding), but once {Niso} is populated, the transition to {U} is on a much 

faster timescale.  However, during refolding, {U} will never populate {Niso} due to the change 

in stability.  The reason hysteresis is observed in experiment, is because the 96-hour 

“equilibration” time lies between the folding timescale of minutes, and the rare fluctuation 

timescale of months.  This leads to the result that the refolding transition is in true 

equilibrium, but the unfolding transition is limited by a very slow kinetic process (See Figure 

4-1). 
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Experiment and Theory Support the Dual Basin Energy Landscape 

 Simulation results show that the {Niso} basin is flexible and composed of multiple 

conformations, many of which have a partially folded β-barrel around the central α-helix.  

Kinetic simulations show native-like intermediates, many of which have difficulty getting the 

last strand into the barrel (Figure 4-4).  Also, residues in the lid of the barrel (circles on Figs. 

4-4 & 4-8) fail to form their native contacts until GFP is almost fully folded.  Similarly, in 

thermodynamic simulations, the last step is the inclusion of the N-terminal β-strand into the 

fold to complete the β-barrel.  In fact, the final transition state is still missing a strand; only in 

the final step does the barrel fully form, consistent with other simulations using a self-

organized polymer model 94.  These native-like intermediates observed in the simulation of 

GFP folding suggest that they are possible states involved en route to the active form.  Jumps 

between these native-like intermediates combined with isomerization are responsible for the 

slow search in the approach to the final locking and activating transition. 

During refolding, the barrel needs to cross a threshold of stability needed to fold, lock, 

and hold the isomerization of the chromophore and prolines in their native {Nnat} states.  

Refolding thus occurs in a concerted fashion under highly stabilizing conditions (Fig 1., Zone 

I).  Presumably, this locking during refolding entails simultaneously incorporating the final 

strand (simulation data) and capturing and holding the proper chromophore and proline 

isomerizations under highly refolding conditions (experimental data).  Interestingly, the final 

strand appears to be able to form and hold an “improperly” isomerized chromophore under 

transition conditions, trapping the {Niso} form, as observed in 1D 1H NMR previously 159. 

We observed subtle structural differences between {Niso} and {Nnat} in previous NMR 

experiments 159.  In the present study, we expand upon these results with 2D 1H-15N HSQC 
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analysis to pinpoint areas of structural heterogeneity between {Nnat} and {Niso} (Figures 4-10 

and 4-11).  The changes we see in the 1H-15N HSQC spectrum map to residues adjacent to the 

prolines previously linked to chromophore formation159.  While our model does not include 

proline isomerization, on a structural level simulation and experiment may be compared108; 164; 

165; 166; 167.  The results from our simulations show late folding at the residues which correspond 

to these prolines and their neighbors (circles, Figures. 4-3 & 4-8). 

 

CONCLUSIONS: 

We explore the hysteresis of GFP with the aid of a coarse grained structure-based 

model.  Our simulations suggest a mechanism that explains the hysteresis in the context of a 

dual basin landscape, consisting of an active, native form {Nnat}, and a form with improper 

isomerizations {Niso}.  GFP exhibits a fast folding step in a usual funnel landscape followed 

by a slow search step towards the active chromophore basin.  It is throughout this slow search 

where structural locking (isomerization) and chromophore activation takes place.  During this 

second step, folding is no longer limited by a conventional folding mechanism but the 

required slow search.  As hysteresis is abolished in the absence of the formed chromophore159, 

we propose that chromophore isomerization is key to the process that limits the unfolding 

kinetics in the {Nnat} {Niso} transition, and that hysteresis is a consequence of the barrel 

needing to form and lock down and properly position the chromophore. 
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METHODS & MATERIALS: 

The Model 

GFP was modeled using only the Cα atoms as determined from the crystal structure 

1EMA32.  The chromophore residue was broken into three Cα residues, and was not modeled 

in a cyclized state for simulation, since the focus of this study was global folding, and not 

chromophore formation.  The energy function, a Gō-type model, is based only on the native 

structure and is considered energetically unfrustrated98.  The energy potential has been 

described in detail 107; 108. 

 

Simulations 

Molecular dynamics (MD) simulations are used to obtain folding-unfolding 

transitions.  For this study, all simulations were run using an unmodified sander_classic in the 

AMBER6 package109, except during thermodynamic sampling runs. 

 

Kinetic Runs 

Kinetics were initiated by unfolding the native structure with random initial velocities 

at 2.4TF for 0.5 – 1.5 ns, and then cooling at 1.2TF for 1 ns.  Folding was initiated by running 

simulations for 100 ns at 0.83TF using the final velocities from the 1.2TF step.  Statistics were 

attained by simulating 250 trajectories and analyzing them in five parts.  Folding temperature 

TF was 418K and determined using enhanced sampling. 
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Thermodynamic Sampling 

Thermodynamic simulations used a modified potential to increase sampling by 

reweighting the force using the density of states, as described in detail by Gosavi et. al.99.  The 

parameters determined for the well are Edepth = 13.8, Emid = 195, and σ = 92.  Trajectories were 

simulated for over 1.4µs at temperatures between 0.998TF and 1.005TF.  The density of states 

was reweighted from the modified potential, and the weighted histogram analysis method 

(WHAM) algorithm110 was used to determine folding temperature and free energy from all 

simulations.  Ten trajectories were analyzed using WHAM to determine statistics of calculated 

parameters. 

 

Experimental Equilibrium Folding Transition 

Equilibrium transitions were prepared as described previously159.  Chromophore 

fluorescence spectra were obtained using the Fluoromax-2 spectrofluorimeter (Spex Edison, 

NJ) with an excitation wavelength of 450 nm and the emission measured at 508 nm unless 

otherwise noted.  Equilibrium unfolding experiments were run with protein samples (0.1 

mg/mL in 12mM Tris-HCl at pH 6.8 and varying Gdn-HCl concentrations ranging from 0 to 

7.5M,  at a temperature of 22 oC.  Experiments were equilibrated for 96 hours.  Refolding 

curves were run by equilibrating sfGFP in 7.6 M Gdn-HCl and subsequently refolded by 

dilution to varying final Gdn-HCl concentrations and equilibrated for 96 hours.  The fraction 

folded by chromophore fluorescence was monitored at 508nm, after excitation at 450nm (3 

nm slit width).  
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NMR of Trapped Species 

The trapped sfGFP species was prepared as previously described159.  All NMR 

experiments were performed at 315K on a Bruker Avance800 equipped with a triple-

resonance triple-axis gradient probe.  Final conditions for each sample were 30 mM phosphate 

buffer (pH 6.8), and 100 mM NaCl, 95%H2O/5% 2H2O.  Data were processed using 

NMRPipe168.  Two-dimensional 1H-15N HSQC spectra were acquired for sfGFP and trapped 

sfGFP.  Spectra were acquired with a 17 ppm spectral width using a 2-D HSQC pulse 

program101.  Assignments for sfGFP were determined using previous assignments for 

GFPuv102, and several 3-D experiments including HNCA103, HNCACB104, TROSY HNCA105; 

106, TROSY HNCACB105; 106, and CBCACONH104. 
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Chapter 5: 

Evidence for Poor β-Barrel Packing Leading to 

Hysteresis in sfGFP 
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ABSTRACT: 

 Previous folding experiments and simulation has shown that GFP possesses a unique 

folding landscape with a dual basin, leading to hysteresis observed in experiment.  While 

theoretical work was unable to use the resolution necessary to observe details of the 

chromophore during refolding, experiment pointed to the chromophore as the cause of the 

observed hysteresis.  Using higher residue level probes, the hysteretic intermediate state here 

is further characterized, as well as the loosely-folded state predicted in simulation.  Here, 

heterogeneity in the native states involves residues observed to shift in the trapped state, as 

well as several others through the lid of GFP.  Also, a residue level probe shows changes in 

the chromophore consistent with increased flexibility or isomerization in the hysteretic 

intermediate.  This evidence of functional residues causing folding frustration may be 

evidence of a “limit” to folding improvement in GFP. 

 

INTRODUCTION: 

 GFP is a commonly used reporter both in vivo and in vitro due to its ability to fold and 

autocatalytically form a visually fluorescent chromophore27.  Chromophore formation is 

linked to folding51, and  is required for reporter applications; thus, improving GFPs folding 

could improve its use as a reporter118.  Recent work on the folding of GFP has observed large 

barriers, and hysteresis in folding71, linked to the chromophore159.  While proline 

isomerization in the lid is linked to chromophore formation159, how does a formed 

chromophore lead to the hysteresis observed in folding? 

 Chromophore isomerization has been observed in some kindling and photoswitchable 

proteins, leading to non-fluorescent states or state with poor quantum yields61; 70; 169.  While the 

barrel of GFP appears to hold the chromophore in the cis isomerization32, isomerization of a 
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model compound chromophore appears to be a general property when irradiation occurs65.  

Previous work on sfGFP proposed chromophore isomerization as a potential source of 

hysteresis in GFP159, and recent theoretical work supported that the final β-strand inserting 

into the barrel is the final step in folding170.  Taken together, these results are consistent with 

the barrel trapping a poorly packed barrel caused by chromophore mis-isomerization.  

However, there has been no probe to incontrovertibly follow the chromophore structure or 

isomerization within the barrel.  

 

 

Figure 5-1: The folding of sfGFP exhibits hysteresis with a long-lived, trapped 
intermediate.  The non-coincidence of the simulated folding equilibrium curves show 
hysteresis.  The red circles show the preparation of the native sample by equilibration at 1.8 M 
Gdn-HCl for 96 hours.  The trapped sample is initially unfolded to 6.5M Gdn, and then 
equilibrated to 1.8 M Gdn-HCl for 96 hours.  Both samples are put under NMR conditions by 
2x spin columns into 0M Gdn-HCl. 
 

 Chromophore probes in GFP exist, but typically consist of chromophore fluorescence 

or absorbance, which do not give structural detail of the chromophore, only the environment.  
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While fluorescence may change based on the structure of the chromophore65, other factors, 

such as the surrounding environment may also contribute changes and one may question 

whether the chromophore, the environment, or a likely combination of both may be causing a 

signal change.  While NMR may be a useful probe, previous 1H signal is difficult to interpret 

in full length GFP due to the high number of probes159.  Work on model chromophores do 

show changes in NMR based on the isomerization65. This, in combination with peptide work 

has shown that homonuclear 2D NMR may be able to tease out structural changes in the 

protons of the chromophore49.  Also, while not discussed here, raman spectroscopy has 

potential in measuring the isomerization state of the chromophore within GFP171; 172. 

 The current work uses NMR to further characterize the trapped state of GFP 

previously captured within the hysteresis zone.  Residues which previously showed shifts in a 

1H-15N HSQC are observed to have heterogeneity in the native structure in an HNCA, with 

further residues pinpointed in the lid of the barrel of GFP.  This evidence of lid packing is 

further evidence of a loose structural state which leads to experimental hysteresis159 proposed 

in previous simulations170.  Some of these residues have been linked to chromophore 

formation.  Furthermore, we present the first evidence of changes in the chromophore 

structure, linked to isomerization of flexibility recently proposed.  Previously, there have been 

no direct probes of chromophore structure in the intermediate state.  We present further 

evidence that a formed chromophore is problematic in final packing of the barrel during the 

folding of GFP, leading to the rough energy landscape present in the presence of the 

chromophore. 
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RESULTS: 

The structure of sfGFP- Implications with Chromophore Isomerization 

 The structure of sfGFP is a highly regular 11 stranded β-barrel with a central, kinked 

α-helix running through the center (Figure 5-1)42.  The chromophore forms from an auto-

catalytic reaction of the backbone involving cyclization, oxidation, and dehydration 

reactions52; 53; 54; 55; 56.  Chromophore formation follows the kinking of the helix, thus, the 

chromophore does not cause the kinked helix51.  Chromophore fluorescence requires the 

segregation from bulk solvent provided by the barrel32, as well as maintaining the rigidity of 

the chromophore144.  However, while the surrounding barrel attempts to keep the chromophore 

rigid, it appears that this is not always the case. 

 

 

Figure 5-2: The structure of sfGFP still allows a hula-twist isomerization.  While the 
highly regular barrel (a) holds the rings of the chromophore (green) in a rigid position, proline 
residues (magenta) are linked to chromophore formation (b).  The chromophore is proposed to 
isomerize in a concerted motion (c) called a hula-twist (HT) isomerization.  This conserves the 
volume of the chromophore while potentially leading to a weakly or non-fluorescent state.  
Figure was rendered using PyMol37 using the superfolder crystal structure (2B3P)42. 
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Chromophore isomerization in GFP was originally linked to the “blinking” observed 

in single molecule FP studies162, similar to isomerization observed via crystal structures in 

photoactive yellow protein, another FP non-structurally analogous to GFP173; 174, and 

photoisomerization observed in DsRed, a RFP structurally analogous to GFP161.  These results 

are explained by fluorescence being lost during isomerization by a non-adiabatic crossing, 

leading to fluorescence quenching66; 162.  Several molecular dynamics (MD) studies have been 

performed to elucidate the details of isomerization within the β-barrel of GFP, and 

consistently observe that the cis form found in the crystal structure is a lower energy form, as 

the trans form loses some of the H-bonds situating it within the barrel65; 68; 69.  This is 

consistent with model compound studies which observe the cis form to be 2.5 kcal/mol more 

stable than the trans form, with a 13 kcal/mol barrier in the neutral form65; 69.  Chromophore 

isomerization has not been directly observed within the barrel, although studies have observed 

changes in the chromophore flexibility linked with fluorescent and non-fluorescent states61; 70; 

169.   

 

Structural Heterogeneity within the Trapped Structure 

 Previous work on the folding of GFP has shown long lived intermediates71, and 

hysteresis in folding with structural changes observed in NMR159.  In fact, recent work 

observed structural changes linked to prolines previously linked to chromophore formation170.  

Here, we use a 3D NMR technique in an effort to tease out more structural heterogeneity and 

changes observed in the trapped species than could be observed in a 2D 1H-15N heteronuclear 

single quantum coherence  spectra (HSQC).  Our results show several peaks in the native 
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structure which show heterogeneity in addition to those observed in the 1H-15N HSQC in 

Figure 5-2.   

These results show structural heterogeneity in the “top” lid of GFP, where both the N 

and C terminals are.  The structural changes previously observed in the lid of the trapped 

sample are consistent with these results170 and also map near prolines previously linked to 

chromophore formation159.  Here, we observe heterogeneity in W57, which was proposed to 

be required for chromophore formation, considering it is conserved across fluorescent 

proteins, but not in non-fluorescent structurally homologous nidogen-131.  Mutants of W57P58 

analogous to the double mutant M88Y/Y74M to probe W57s role in chromophore formation 

suffered from poor folding.  These results show that W57 may still be involved in a concerted 

mechanism for chromophore formation, and that the prolines in the lid previously linked to 

chromophore formation may have much more widespread effects in the lid than previously 

observed.  However, the direct link of the proposed interplay between the chromophore and 

these residues remains elusive due to the dearth of direct structural chromophore probes. 
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Figure 5-3: Structural heterogeneity maps to prolines previously linked to isomerization.  
(A) Strip-type plots showing peaks with structural heterogeneity are mapped onto the structure 
(B).  The structure is colored blue, where residues missing NMR probes are in grey.  Prolines 
linked to chromophore formation are shown as sticks and areas with heterogeneity are colored 
magenta.  The N-terminal containing “top” lid is focused in the top panel of (B) and the 
bottom lid is focused on the bottom panel.  The structures were created in PyMol37 using the 
2B3P sfGFP crystal structure42. 
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A Structural Look at the Chromophore and Implications for Isomerization 

Again, the trapped intermediate shows structural heterogeneity in lid residues linked 

to chromophore formation.  Also, the full hysteresis of sfGFP requires a formed chromophore 

for hysteresis to occur159.  Previously presented NMR work required amide protons for signal, 

and the chromophore does not have any.  However, when analyzing previously reported 1D 

1H spectra, spectra are too crowded to assign peaks to observed shifts.  Here, we present a 

homonuclear 2-D TOCSY which reports on through-bond interactions100 and focus on the 

aromatic region, where the spin system of the chromophore in GFP will be observed in Figure 

5-3.  The chromophore spin system is assigned using previous NMR studies using HOHAHA 

on peptide fragments49 as well as cis-trans isomerization work on 1D 1H spectra65.  Here we 

report a new chromophore probe within the β-barrel to observe chromophore flexibility and 

potential isomerization within the structure of sfGFP.   

 Within the native and trapped TOCSY, a majority of the peaks overlay, consistent 

with previous work showing the trapped species is structurally very similar to the native 

state159; 170.  Again, there are subtle changes, but now some changes can be directly attributed 

to the chromophore.  First, the HδHε spin system does not change between the native and 

trapped states, consistent with the structure of the chromophore, and the typical strong signal 

between equivalent protons on the tyrosine ring.  Changes in the chromophore are observed in 

the spin systems involving the Hβ, which lies on the link between the rings of the 

chromophore.  While model compound analysis showed changes of about 0.2 ppm, we do not 

observe changes that drastic which may be attributed to nearby R96 or E222 modulating the 

electron shielding.  This effect would not be present in peptide or model compound studies.  

These results are consistent with chromophore flexibility, which has been previously observed 
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in Dronpa, or chromophore isomerization70, which has been observed in model compound 

studies experimentally65; 69, and theoretical studies within the β-barrel66; 67; 68; 175. 
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Figure 5-4: Homonuclear 2-D 1H-1H TOCSY of native GFP (red) overlaid with trapped 
GFP (blue) shows structural changes in the aromatic region(A).  Protons discussed are shown 
labeled on the chromophore (B).  Residues consistent with the spin system of model 
chromophore for GFP show changes consistent with isomerization, namely, in Hβ (C). 
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DISCUSSION: 

Further Lid Heterogeneity Evidence of Loose Structure 

 Previous work on the folding of sfGFP showed hysteresis (Figure 5-1), and evidence 

of a structurally similar, but subtly different intermediate structure159.  Simulation work 

showed that the final, rate limiting step in folding is packing the last strand into the β-barrel of 

GFP, packing the chromophore94; 170.  We proposed that this final step was locking the barrel 

of the loose structure around the central α-helix, and requires precise packing of the interior 

residues.  Here, residues of GFP which were previously shown to have 1H-15N HSQC shifts 

are extended further throughout the lid due to heterogeneity in the native structure (Figure 5-

2).  Comparison of the trapped intermediate and the native state with an HNCA are underway, 

and should show further changes in the backbone dihedrals, but have been plagued with low 

yields and low signal of the trapped species.  Furthermore, while P58 in sfGFP has been 

proposed to be part of the structural requirements for chromophore formation, double mutants 

involving P75 or P89 with P58 have not expressed or folded well.  Previously though, W57 

showed heterogeneity associated with cis-trans isomerization in CFP73.  Here, we see evidence 

that P58 may be part of the proposed “triumvirate” of proline locks involved with 

chromophore formation.  Again, top lid prolines appear to be conserved across fluorescent 

proteins, but are not present in the non-fluorescent, structurally analogous nidogen-131. 

 The loose GFP structure proposed before final locking down is consistent with 

previous folding work on GFP.  Previous work showed that under highly unfolding 

conditions, GFP could take either a direct route from native to unfolded, or through an 

intermediate.  Under intermediate unfolding conditions, GFP must take the route through the 

intermediate170; 176, consistent with a native-like, loose structure populated at intermediate 
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unfolding (hysteretic) conditions.  Also, recent work on trigger factor (TF) assisted folding of 

GFP shows complete native state formation at [Gdn-HCl] < 1M following tryptophan 

fluorescence while chromophore fluorescence exists at [Gdn-HCl] < 4M177.  These results are 

consistent with the chromophore being sequestered from the bulk solvent far before the single 

tryptophan (equivalent with the one reported here) has locked down into the locked, native 

state.  Also, in the presence of TF, the recovery of W57 fluorescence is accelerated, linking 

these results to P58 isomerization, as proposed.  Finally, Enoki et. al. 74 reported an initial 

packing then disrupting of the tryptophan probe, followed by the final packing in the native 

state.  This again is consistent with a breathing motion which could be present in the final 

locking mechanism.  Because of the unique structure of GFP having the chromophore-

containing α-helix in the center of this locking barrel, there appear to be interesting 

consequences from this mechanism. 

 

Chromophore Packing during Folding 

 Once the chromophore has formed after de novo folding, the folding landscape of 

sfGFP becomes very rough, and the packing of the final strand into the barrel becomes more 

problematic when a formed chromophore lowers the entropic flexibility of the central helix.  

Previous work shows flexibility in the strands of Dronpa related to chromophore structure70, 

similar to flexibility in strands 3,7,8 and 10 observed in NMR exchange71; 72 attributed to 

folding intermediates.  These strands lie just outside the hydroxyl of the chromophore, and 

may fluctuate to accommodate chromophore flexibility.  Previous work on sfGFP had line-

broadened peaks which were not assignable170, consistent with flexibility in the strands.  

Furthermore, the interior of the barrel is not compatible with a planar chromophore67.  

Presumably, packing the barrel involves also forcing a slight twist in the chromophore which 
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would otherwise be completely planar with no steric constraints under unfolding conditions.  

Finally, model chromophore compounds are able to isomerize, so chromophore isomerization 

likely occurs in the unfolded state (albeit slowly)65.  Under proper conditions, the barrel may 

form around an improperly isomerized, poorly packed barrel, leading to the trapped 

intermediate observed previously. 

 Here, homonuclear 1H-1H TOCSY NMR shows evidence of structural changes in the 

Cβ of sfGFP’s chromophore (Figure 5-4).  The Cβ in the chromophore is the carbon which 

undergoes a massive rearrangement during a HT isomerization of the chromophore.  Previous 

theoretical work shows that a HT chromophore isomerization is volume conserving, making it 

a possible pathway of isomerization or chromophore flexibility66.  Our work here shows these 

changes in the chromophore between the trapped intermediate and native state, evidence that 

chromophore packing may be involved in the population of the intermediate which causes 

hysteresis.  Also, this chromophore isomerization may be linked to heterogeneity in the lid of 

GFP, as previous work observed shifts in residues between the trapped intermediate and native 

species170.  Finally, recent work showed a split GFP reporter in which the chromophore 

formed without final strand placement; this reporter still had the proline residues discussed 

within the partially formed barrel containing the chromophore, consistent with our results178. 

 

Final Locking Mechanism Problematic with Formed Chromophore 

 From an energy landscape perspective, we see where function (chromophore 

formation) causes roughness in the energy landscape.  While landscape theory proposes 

minimal frustration is one “goal” in during evolution, the protein must also function, and 

residues required for function may not provide the smoothest folding route152; 179; 180.  

Interestingly, GFP folds in vivo in the absence of the chromophore, thus, the initial folding 
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event appears to occur on a smoother landscape than with the mature chromophore.  Without 

the formed chromophore, the tyrosine ring (Y66) within the chromophore has much higher 

configurational entropy, and is likely much easier to pack within the barrel.  While the 

physiological function of GFP in aequoria victoria is unknown, the highly stable barrel 

appears to segregate the chromophore from bulk solvent32, and maintains chromophore 

geometry to allow fluorescence(REF).  There is no evidence that, once folded and mature, 

GFP unfolds or has any sort of major configurational changes.   

 During in vitro refolding, a threshold of stability is required to correctly lock down the 

barrel around the formed chromophore, leading to the hysteresis observed at intermediate 

Gdn-HCl concentrations.  When the threshold of stability is not met, GFP may sample an 

improperly packed barrel, with a mis-isomerized chromophore, or a chromophore with 

inherent flexibility, leading to lower observed fluorescence and mispacking in the lid of the 

protein, consistent with our results (Figure 5-4).  While the barrel of this intermediate still 

folds, changes within the barrel may be further characterized through hydration NMR181; 182 to 

determine the location of structural waters, or raman spectroscopy, which can directly probe 

the isomerization state of the chromophore171; 172, and potentially determine the differences 

between native and intermediate states. 

 

CONCLUSIONS: 

 The chromophore of GFP creates a unique folding landscape leading to hysteresis.  

Here, the hysteretic intermediate is characterized and exhibits evidence of structural changes 

in the chromophore up repacking under hysteretic conditions.  Furthermore, heterogeneity in 

the lid is observed- evidence of the loose structure observed near residues which exhibited 

changes within the hysteretic zone.  While this would seem to be evidence of a non-robust 
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folder, de novo folding occours in the absence of the chromophore; the addition of the 

functional group creates a rough landscape after folding. 

 

METHODS & MATERIALS: 

sfGFP Expression & Purification 

Recombinant superfolder GFP (sfGFP) was subcloned into the kanamycin resistant 

pET28(a+) vector and the resultant plasmid transformed into BL21 (DE3) Escherichia coli 

cells for expression.  Expression and purification were performed similarly to previous 

methods42, with some changes159.  Cells were grown in Luria Broth at 30oC to an OD600 of 0.6, 

and protein expression was induced with 1mM IPTG for 5 hours at 25oC.  Cell pellets were re-

suspended in buffer (pH 7.9) containing 0.5M NaCl, 20mM Tris-HCl, 5mM imidazole, 

0.1mM EDTA, 1mM DTT, 10mg/mL PMSF and sonicated on ice (Sonic Dismembrator 550, 

Fischer Scientific) with 30 s pulses separated by 30 s breaks for a total of 20 minutes. 

The lysate was cleared by centrifugation at 14,000g for 30 minutes.  The soluble 

sfGFP was bound and eluted from a Ni-NTA resin (Novagen) according to manufacturer’s 

protocol.  sfGFP was purified further on a Sephacryl S-40(Pharmacia Biotech) size-exclusion 

column to remove His-rich proline isomerase in 25mM NaPO4 and 100mM NaCl at pH 6.5.  

Fractions containing sfGFP were analyzed by SDS-PAGE for purity and the purified protein 

was collected and concentrated and stored in 25mM NaPO4 and 100mM NaCl at pH 6.5.  

Yield was determined by a theoretical extinction coefficient (ε=31519 M-1cm-1). 

 

NMR of Trapped Species 

The trapped sfGFP species was prepared as previously described159, and is explained in Figure 

5-1.  Triple-resonance NMR experiments were performed at 315K on a Bruker Avance800 
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equipped with a triple-resonance triple-axis gradient probe.  Homonuclear TOCSY 

experiments were performed on a Varian 800MHz with triple-resonance triple-axis gradient 

probe probe at 315K with a 20ppm spectral width.  Final conditions for each sample were 30 

mM phosphate buffer (pH 6.5), and 100 mM NaCl, 95%H2O/5% 2H2O.  All data were 

processed using NMRPipe168. 
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Chapter 6: 

Conclusions & Future Directions 
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GENERAL CONCLUSIONS: 

 The folding of GFP is not only more complex than a simple two-state folder, as 

expected by its extremely high contact order34, but also is highly influenced by the post-

translational modification which makes its chromophore.  While these results are interesting in 

the context of protein folding by characterizing folding landscapes much more complex than 

two-state or even multi-state folders, there are further lessons which may be elucidated from 

this work.  These results provide insight into how function is balanced with landscape 

smoothness, as well as how a protein from an ancient organism shows contains a rough 

landscape of the functional protein.  Here, we have extended funnel theory to show how a 

multiple basin landscape could occur, and very interesting effects on the folding of GFP. 

  In this work, we have determined further structural requirements in the lid prolines 

for chromophore formation in GFP, in addition to previously known catalytic requirements.  

Through mutations in these residues required for chromophore formation, hysteresis observed 

in folding was abolished, linking the extremely rough energy landscape observed to the post-

translational modification which creates the chromophore.   Theoretical work points to lid 

closing as the final step in folding, where the rate is limiting not by an energy barrier, but by 

the Arrhenius prefactor representing the final search step of laying the final lid into GFP’s 

barrel, and presumably “locking” the structure in, and bulk water out.  This slow search step, 

along with the threshold of stability required to get all the strands in barrel formation and lock 

the structure leads to the hysteresis observed experiment.  Finally, while hysteresis is both 

linked to barrel closure and the presence of the chromophore (not just the non-mature 

residues), we can elucidate that the final act of closing the barrel around a mis-isomerized 

chromophore is the likely long-lived intermediate observed, with effects propagated to the 

prolines previously linked to the chromophore. 
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 While these results are interesting on their own, aspects in the context of GFP within 

the organism and the folding funnel are very poignant.  First, what are these conclusions 

within the context of in vivo folding?  For typical GFP folding in aequoria victoria, or any 

labeled cell of interest, GFP is translated, folds, and then the chromophore matures.  These 

results show that the folding of GFP under typical conditions is without a formed 

chromophore- thus the folding is more robust.  Once folded, GFP likely stays folded until 

degradation, due to its high stability and apparent function of the β-barrel- keeping the 

chromophore rigid and sequestering it from bulk solvent.  However, some probes may have 

the chromophore form before complete folding48, leading to signal loss from chromophore 

isomerization.  From the standpoint of the organism however, the protein must fold for it to 

function, therefore, evolutionary pressure influences both folding and function.  Since GFP 

presumably folds only once within the jellyfish, evolutionary pressure is on the initial folding 

event, and not on any event after the chromophore has formed. 

 From an energy landscape point of view, evolutionary pressure is on GFP to create a 

minimally frustrated folding funnel.  Once the chromophore is formed though, the folding 

funnel becomes rough enough to create long-lived intermediates and cause hysteresis.  While 

minimal frustration is a target under evolutionary pressure, function is still a necessity, as said 

above.  In GFP, the presence of the chromophore and the maturation leads to a highly 

frustrated funnel, direct evidence of residual frustration being linked to the function of the 

protein.  Other systems have residues or loops which slow folding or lead to intermediates152; 

179; 180, but are nonetheless required for function of the protein.  Thus, while minimal 

frustration is one evolutionary “goal”, it may be limited by the function of the protein in 

question.  While reengineering or developing proteins through mutation, the balance of 

folding and function is one aspect which can affect the entire system. 
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 While our original goal of studying GFP folding was to develop GFP as a folding 

reporter, our results have important applications in both future approaches and limitations 

within these reporters.  Mutations near the prolines discussed have been observed to speed up 

the folding, although more than one mutation leads to the abolishment of chromophore 

formation, again showing the delicate interplay between folding and function.  Chromophore 

flexibility and isomerization has been harnessed in the photoswitchable class of FPs, and this 

work has direct applications in modulating and controlling that process; instead of mutation 

targets near the chromophore, residues in the lid may be mutated to adjust the effects of 

chromophore formation.  Improving the temporal resolution of GFP as a reporter may be 

possible, but appears to have a “speed limit” imposed by the chromophore.  Another important 

target to improve the temporal resolution is the chromophore maturation process, presumably 

limited by molecular oxygen entering the barrel.  Again, destabilization of the barrel may 

increase the penetration of oxygen, but may also allow the chromophore to isomerizes more 

easily, lowering the fluorescence. 

 Here, the hysteresis and folding of GFP shows the interplay of folding and function in 

the context of the folding funnel.  Recent work has extended the folding funnel to provide 

insights into protein function, and GFP is no exception.  The folding of GFP may be 

improved, but may be limited by the function of the chromophore.  Applying this philosophy 

to other systems, while folding is often able to be improved through certain mutations, some 

proteins may have a limit to improvement brought about by its own function.  

 

FUTURE DIRECTIONS: 

 This work elucidating the causes of hysteresis observed in GFP folding and the 

relation to chromophore isomerization lays the foundation of a unique system to probe 
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frustration in folding and atypical folders.  Future directions include attempting to modulate 

the chromophore isomerization to improve the robustness of the folding funnel while 

maintaining the function and fluorescence of GFP, as well as characterizing the long-lived 

intermediate observed in GFP71.   

 Our original interest in GFP stemmed from mitigating the slow folding and 

chromophore formation required in its use as a fluorescent reporter46; 47; 112; 113; 114; 116; 117; 118; 121, 

to improve the temporal resolution.  These results may be applicable to the split GFP 

interaction reporter, as the closing of the barrel is the rate-limiting step94; 170, consistent with 

our results, which may trap a mis-isomerized or “loose” chromophore, leading to lower 

fluorescent signal.  While the HT motion of chromophore isomerization is volume 

conserving66, the chromophore loses several internal H-bonds upon isomerization.  This could 

be expected to either raise the barrier of isomerization, or further stabilize the cis form, leading 

to less blinking and fewer instances of improper isomerization within a sampled population.  

While the energies of isomerization for the model compound for the chromophore have been 

characterized, either NMR or raman spectroscopy could be utilized to determine the energetic 

of isomerization within the well-coordinated barrel.  Also, double-jump type experiments may 

help determine the rate of intermediate formation if jumped from native, to unfolded, then to 

hysteretic conditions.  These results would help determine the role of the barrel in maintaining 

fluorescence, and have applications in modulating the isomerization.  A more stable 

chromophore may also improve the folding by improving the overall stability of the protein, 

or conversely slow folding by lowering the structural entropy in the final step of folding 

creating a more “narrow folding route”. 

 Our results determine the chromophore may be correlated with structural changes in 

the lid within the “trapped” intermediate.  Further characterization may determine how these 
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correlations between the chromophore and lid are related, and which mutations will mitigate 

the population of intermediate formation to smooth the folding funnel, and increase the 

robustness of GFP folding.  Approaches utilizing NMR may provide more structural 

information on the backbone geometry, comparing an HNCA of the native and trapped 

species, as well as hydration NMR to determine the existence and position of water within the 

β-barrel.  The internal hydration of GFP could be very interesting if the final step of barrel 

closing, predicted previously94; 170, also includes expelling bulk water from the interior of the 

barrel.  In tandem with these experiments, simulation work will pinpoint structural areas 

important in chromophore formation and intermediate formation.  Previous work observed 

misfolded GFP secreted out of the cell via a non-classical pathway183; we could use this as a 

potential method to purify trapped GFP, following a rigorous structural characterization of the 

secreted protein.  An interesting “proof-of-concept” experiment to check the requirements for 

chromophore formation would be to mutate Nidogen-1, the structurally analogous, but non-

florescent protein into becoming fluorescent.  The wildtype Nidogen-1 does not have the 

proline residues which are conserved across the FPs31, and could presumably be made 

fluorescent with some simple mutations. 

 Currently, GFP has been simulated using a native-based model, but experimental 

results point to frustration within the funnel.  Future work will model this roughness in the 

prolines predicted from experiment to gain insight to the unique folding properties GFP has.  

Simply by including proline isomerization in our model, preliminary results show 

intermediates with much more destabilization in the lid, consistent with our experimental 

work.  Also, these models can be extended to all-atom models to look at further structural 

details within GFP, namely, how chromophore isomerization and proline isomerization may 

be linked and related.  While a full folding simulation including all atoms would be 
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computationally intensive, an all-atom model simulating chromophore isomerization may 

provide insight to mutations to control or limit chromophore isomerization. 
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